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ABSTRACT 


Space power supply manufacturers have tried to increase power density and 
construct smaller, highly efficient power supplies by increasing switching frequency. 
Incorporation of a power MOSFET as a switching element alleviates switching loss. 
However, values of Rns(on) (drain-to-source resistance in the on-state) for MOS- 
FET’s are of such magnitude to produce greater on-state losses than an equivalent 
BJT operated in saturation. This research serves to introduce a design concept, per¬ 
tinent to low-voltage relatively-high-current applications, that minimizes the peak 
current through the switching element in order to reduce average power loss. Basic 
waveforms produced by different PWM and resonant mode topologies were exam¬ 
ined. Theoretical analysis reveals that a ramp-sine current waveform could cut 
conduction power loss by at least 18% over a conventional Buck switching con¬ 
verter. A 14V, 14W combination quasi-resonant Buck/ZCS, Quasi-Resonant Buck 
dc'dc converter with an unregulated input voltage of 28 V w«is built for simplicity 
to demonstrate one particular waveshaping technique. This converter represents a 
useful example of an actual circuit which is capable of producing the desired ramp- 
sine switch-current waveform. Final results confirm improvement in conduction loss 
enhancing existing power MOSFET technology for use in dc-dc power conversion. 
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I. INTRODUCTION 

A complete satellite power system consists of a multipanel solar cell array, 
a rechargeable battery, voltage limiting elements, and power conditioning devices 
such as voltage regulators and direct current-to-direct current (dc-dc) converters. 
Spacecraft power systems are involved in the efficient collection, transformation, 
and distribution of accessible solar, chemical and/or nuclear energy into electrical 
power for consumption by other systems and payloads. Advancing technology for 
spacecraft has placed increased demands on components of the system itself. Use of 
improved power electronics for power conditioning is today a necessity. The power 
conditioning aspect associated with electrical power systems has become the heart of 
all spaceborne craft. Power control electronics are responsible lor effectively fulfilling 
the engineering power management function (power flow control, balanced energy 
management of multiple power sources and energy storage elements, autonomy of 
system operation during all mission phases, and elimination of potential mission 
critical failure modes) onboard all orbiting platforms. [Ref. l:p. 391] 

The power distribution of energy to other systems and payload equipment 
alike in an unregulated bus is accomplished through decentralized dc-dc converters. 
Designers distribute raw unconditioned dc power and regulate the voltage at the 
point of use in order to build redundancy into a system. Large numbers of converters 
are therefore necessary to meet all voltage and power requirements present in a 
spacecraft. 

Spacecraft power systems were for a long time considered of secondary im¬ 
portance. considered to be very conventional in nature, and hence received minimal 
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attention during the thought process from which development of the satellite sys¬ 
tem architecture occurred. A study conducted on eight Jet Propulsion Laboratory 
funded programs, Mariner Mars 1964 through Galileo 1986, reveals in Figure 1.1, 
that about 30% of total spacecraft weight is concentrated in packaged electronics 
[Ref. 2;pp. 134-135]. With the greatest potential for spacecraft mass savings com¬ 
ing in this area over time, as proven in Figure 1.2, the impact of efficient circuit 
operation and physical realization of electronic power subsystems has become read¬ 
ily apparent. The call for improved efficiency and higher switching frequencies has 
renewed interest in both resonant and pulse width mode (PWM) technologies. 

One of the most significant opportunities for improving power density in a 
dc-dc converter (as illustrated in Figure 1.3) comes in the area of the switching 
element. Power Metal-oxide Semiconductor Field Effect Transistors (MOSFETs) 
allow dc-dc converter operation to take place at higher switching frequencies, using 
relatively simple drive circuitry to add to system reliability. However, this device 
cannot operate without loss and is impaired by certain kinds of dissipative losses. 

Power losses in a dc-dc converter are comprised of both switching losses and 
conduction losses. Switching losses increase in direct proportion to frequency. Each 
time the switching element is turned on or turned off, as demonstrated in Figure 
1.4, a proportional amount of energy is dissipated. The more frequently the device 
is operated, the greater the power loss. At the other end of the spectrum exist 
conduction losses. This form of energy dissipation represents an almost constant lo.ss. 
strictly dependent upon the converter load and the on-resistance characteristic of 
the particular MOSFET chosen as the switching element [Ref. 3:p. 322]. MOSFE i’s 
are capable of fast switching, but are relatively high in conduction loss. 

The motivation for moving towards higher switching frequencies eis shown in 
Figure 1.5 is to reduce the volume of the reactive energy storage elements, which 
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FUNDAMENTAL TECHNOLOGY AREA 

Figure 1.1: Weiglited Average of Spacecraft Mass by Technology [From 
Ref. 2] 



LAUNCH YEAR 


Figure 1.2: Normalized Percentage of Spacecraft by Technology vs. Time 
[From Ref. 2] 
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Figure 1.3: Relative Losses Within a 400 kHz DC-to-DC converter [From 
Ref. 3] 




Figure 1.4: Power Semiconductor Switch (a) Voltage and Current Wave¬ 
forms and (b) Dissipated Power Waveform [From Ref. 3] 
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comprise a major portion of a dc-dc converter. These elements become smaller 
in size at higher frequencies, because they need to store relatively less energy for 
shorter periods of time. For this savings to occur, the switching frequency must be 
raised from tens of kilohertz to hundreds of kilohertz [Ref. 2: p. 319]. Beyond this 
point, movement into frequencies in the megahertz range produces significantly less 
yield. Tradeoffs due to parasitic elements start to occur. [Ref. 3:p. 319, Ref. 4:p. 
61, Ref. 5:p. 362] 

Power conversion designs employing conventional PWM dc-dc converters are, 
however, besieged by switching losses at higher frequencies. PWM converters have 
been perfected to operate most efficiently at an optimal switching frequency range 
between 30-50 kHz [Ref. 6:p. 58]. In a square-wave operation, each time the 
switching element is turned on or off, and current or voltage is interrupted, energy 
is dissipated in the form of heat. Worry over a proper thermal design and the size of 
the heat sink increases. To remedy this situation and alleviate switching loss, quasi- 
resonant dc-dc converters have recently been developed for use. Experimentally, this 
technique using power MOSFETs has been proven successful for higher frequencies 
up to approximately 10 MHz [Ref. 4:p. 61]. This type of dc-dc converter increases 
efficiency as it separately improves reliability by alleviating switching stresses. 

To achieve higher power system density and reduce the size and cost of the 
power conversion subsystem designs, design engineers have, in their research and 
development efforts, focused most of their attention on: 

• higher switching frequencies, 

• higher levels of circuit integration, and 

• improved thermal performance [Ref. 3:p. 319]. 
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CONTROl. 



Figure 1.5: Relative Portions of a Space Consumed in a DC-DC Con¬ 
verter Operating at 400 kHz [From Ref 3.] 

However, it is the intent of this research to concentrate specifically on conduction 
loss. On a percentage basis, conduction losses are more prevalent in instances when 
power is supplied at low voltages and high currents, as in satellites. This thesis, for 
two reasons, is used to develop an engineering scheme vvhich creates a switch-mode 
current waveform that represses conduction loss in a power MOSFET. 

First, when operating a conventional PWM dc-dc converter, a trade-off exist.- 
in this technology between greater on-state losses and lower switching type tran¬ 
sient losses. Power MOSFETs are characterized by their fast switching speeds and 
a relatively large forward drop in the on-state. As expected, a Bipolar Junction 
Transistor (BJT) has a significantly less total power loss at low frequencies while 
the performance of a power MOSFET is greater at high frequencies. .Any improve¬ 
ment in the form of the resulting switch-mode current waveform put through the 
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semiconductor switch will lessen the detrimental effect produced by conduction volt¬ 
age drop in either case. However, the movement in the point of intersection (the 
“crossover point”) between two curves showing the total power loss per unit area in 
these two types of transistors caused by a reduction in on-state losses would prove 
to be more instrumental in a majority carrier device functioning at a low frequency 
and low voltage. A combination of either two or three ZCS, quasi-resonant dc-dc 
converters would produce this effect and provide a boost in power density. This 
in-turn would reduce the symptom of higher resonating rms current, which would 
in the end cut conduction loss during the switch-on time interval. 

Secondly, to a lesser extent, use of a ZCS, quasi-resonant technique would offer 
the consideration of extra power transferred per switching cycle without an increase 
in EMI. 

The choice in this design is not to ameliorate component quality (e.g.. MOS- 
FET on-resistance) or to employ a very heavy gate overdrive to reduce on-voltage 
losses, but to concentrate on improving the behavior of the current waveform through 
the converter switching element itself. This research re-examines the basic features 
of both the Buck PWM and ZCS, Quasi-Resonant dc-dc converters to develop an 
ideal step-down converter topology. Combination of the best features of each type 
of converter is targeted to produce an optimal circuit design with the following 
characteristics in mind; 

• low conduction losses due to use of a proposed waveshaping technique. 

• higher operating efficiency, 

• improved pow'er density to lessen power demand requirements and reduce the 
physical size of the overall power system itself. 
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• one switching element, 


• simple control circuitry, 

• reduced radiation by employing a zero-current switching strategy, 

• improved converter reliability and less stringent thermal design, which implies 

reduced switching stresses and switching losses, 

• faster dynamic response from use of a power MOSFET. 

Discussion in subsequent chapters begins by qualitatively developing a numer¬ 
ical method to compensate for on-resistance loss generated within the switching 
element. A technique used to minimize peak current through current waveform 
shaping is brought forward. 

Chapter III is used next to present the different categories of power conversion 
alternatives available to the power electronics engineer today. Each major type of 
power supply is discussed concentrating on its ability to efficiently regulate supplied 
electrical power and control power dissipation losses. In particular, the basic opera¬ 
tional theory and circuit analysis of both the PWM Buck dc-dc power converter and 
Quasi-Resonant, ZCS dc-dc power converter are given. This serves to introduce the 
parameters which affect boundary conditions and influence the dc conversion ratio 
in each circuit. The analysis is presented in a practical, easy-to-understand manner, 
in order to comprehend how the various modes and waveforms are produced. 

The impact behind the selection of the switching element is judged in Chap¬ 
ter IV. The critical characteristics involved in the performance of POWERMOS 
transistors are purposely deliberated. 

The last chapter outlines the theoretical process involved in the development 
of a ramp-sine current waveform. Certain design specifications are given. Specific 
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equations which dictate the exact relationship between the peak values of the two 
individual current waveforms are identified. As a practical example, the ramp-sine 
current waveform is produced from its brassboard model. The modes of the resulting 
circuit are illustrated. 

The remaining portion of the chapter deals with an evaluation of dissipative 
losses from the operational circuit. As a result, a final comparison is made between 
the magnitude of the relative values of conduction loss which exist between different 
current waveforms. 
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II. GENESIS OF A NEW POWER 
CONVERSION STRATEGY 


Both the passive and active components affect the overall mass, volume, and 
efficiency of a dc-dc converter. Analytical evaluation of the power losses associated 
with these elements therefore becomes necessary to achieve an optimal power system 
configuration. 

Relatively speaking, as previously shown in Figure 1.3, the second highest 
power loss in a dc-dc converter comes in the activation of the primary power switch. 
Losses in the semiconductor device can reduce overall converter efficiency by 5-10% 
[Ref. 3:p. 322]. The seriousness of the loss is amplified and becomes significant as 
efficiencies begin to approach 90%. 

The power dissipated. Pi, in a converter circuit is due to a combination of 
conduction and switching losses occurring in the switching element at turn-on and 
turn-off. Expressing these losses in their equation form leads to, 

Pl — Pcond Psw (2-1) 

where 

• PconH = Total amount of conduction loss due to non-zero on-resistance. Bps (on)- 
during switching element on-time. 

• Pau — Total amount of switching loss due to power dissipated in the switching 
element during both turn-on and turn-off times, and the type of load switched. 
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Attempts to further reduce dc-dc converter size and increase power handling density 
has led to much research using higher frequencies to eliminate switching losses. How¬ 
ever, first and foremost, research in this section qualitatively seeks to demonstrate 
a means to compensate for on-resistance related losses. Assuming a fixed block¬ 
ing voltage, on-state current, and device area. Figure 2.1 clearly demonstrates the 
limit conduction losses have placed on power MOSFET devices today. As switching 
frequencies extend into the 10 MHz frequency range and parasitics are explicitly in¬ 
corporated into topological designs, emphasis on conduction losses can be expected 
to escalate rapidly [Ref. 5:p. 363], [Ref. 8:p. 12]. 

A. WAVESHAPING TO LIMIT POWER LOSSES 
1. Conduction Losses 

Manipulation of the current waveform through the converter switching 
element to control the conduction power loss is founded upon the following princi¬ 
ples. First, the average amount of charge. Q, that a switching element can transfer 
in a prescribed amount of time, r, is given by, 

g- (2.2) 

where ?(/) is the switch-current waveform under consideration. If r is fixed, the 
maximum amount of charge attainable is strictly dependent upon the quantity of 
current, i{i). present. Figure 2.2 represents three basic current waveforms with 
identical values of r. In each case, peak current is expressed in terms of normalized 
charge, Q, divided by on-time, r. As shown, the rectangular waveform most effec¬ 
tively supplies the desired amount of charge for the lowest value of peak current. 

h- 
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losses 



Figure 2.1: Qualitative Plot of Conduction Losses and Switching Energy 
Versus the Amount of Stored Charge [From Ref. 7] 


Secondly, the average power dissipated by the switching element in the 
same cycle is proportional to, 


Pcond — 


P■D$^ 


on) 


T 


/•<2 

/ 

Jti 


(2.3) 


or 


Pcond — f3^^Dion) PdS( 


(2.4) 


where 


• r — Switching element on-time, 

• T = Switching period, 

• /, = Switching frequency. 

• lD{on) = On-state drain current, 
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• ^DS(on) = On-state drain-to-source voltage, and 

• RDS(on) = Drain-to-source voltage in the on-state. 

If Ros^on) S’lid T are assumed to be equal to one in value, the power consumed by 
the conduction process is strictly dependent upon the current as a function of time 
squared. Control over this parameter is vitally important, and hence becomes the 
dominating theme behind the development of a waveshaping technique. Using the 
ramp function found in Figure 2.2 as an example, substitution of r(f) = {lpfT)t into 
Equation 2.3 yields 

Pcond ^ , (2.5) 

an equation for power loss in t^rms of peak current and device on-time. Replacement 
of peak current in Equation 2.5 with an appropriate value of normalized charge 
produces figures for accompanying values of current and power. Results recorded 
in Table 2.1 prove, in this instance, that a ramp like current waveform is SS'/c less 
efficient than a rectangular waveform having a Q of one. Similarly, if the same 
logic is applied again, an expression can be developed for any half-sinusoidal current 
waveform as a function of time using. 

i{t) = T" sm(—] (if (2.6) 

Jo \TmJ 

where is the half period of the sinusoid in question and r?j is the integer 
number value of the particular waveform under consideration. 

In contrast, a singular sinusoidal current waveform as shown in Table 2.1 can 
be expected to realize a 7.439c improvement in conduction loss over the ramp current 
waveform. 

In order to experiment with different combinations of waveforms and to 
extend this analysis one step further, an optimization routine entitled ZXMIN was 
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TABLE 2.1: Waveform Results 


WAVEFORM 

Jp 

P 

Q 

% REDUCTION 
RAMP 

Ramp 

2.000 

1.333 

1.0 

0.00 

Sine 

1.571 

1.234 

1.0 

7.43 

Sine-Sine 

1.395 

1.147 

1.0 

13.95 

Ramp-Sine 

1.388 

1.086 

1.0 

18.60 

Sine-Sine-Sine 

1.372 

1.302 

1.0 

2.33 

Ramp-Sine-Sine 

1.171 

1.001 

1.0 

24.90 


used to lessen the prodigious amount of calculations involved. This algorithm, which 
is a part of the IMSL library, uses a quasi-Newton method to locate the minimum 
of a function /(j) of N variables, x = (xi,i 2 r • • i ^^n)- By squaring the sum of the 
different current waveforms in question and integrating over the switching element 
on-time interval, a function proportional to the average power of the combined 
waveforms is derived. Applying ZXMIN produces an output vector X of length N. 
V^ector X contains N final parameter estimate values, as determined by ZXMl.X. that 
causes the power function to be a minimum. Each estimate represents the current 
amplitude and period required to minimize average power, P, at a Q equal to one 
for each combination. Appendix A is used to give a complete explanation of the 
IMSL routine ZXMIN. Also, present in Appendix A are the graphical results to the 
six different current waveforms analyzed. 

Table 2.1, from the calculations performed in Appendix A, lists for each 
current waveform the minimum power, P, and associated current value. Ip. required 
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to produce a charge, Q, of one. The current Ip represents the resulting minimum 
peak current from the sum of m different waveforms being added together. Utilizing 
the ramp waveform as a benchmark, the particular combination of the ramp, sine, 
sine waveforms is most advantageous. A 25% reduction in conduction power loss is 
obtainable in comparison to the ramp waveform alone. 

2. Switching Losses 

Switching losses in a power MOSFET can be calculated using. 


P, = fs 


/D,^,FDS(on) 




DS, 


(on) 


L^si 

2 

-t + — 
3 2 J 


1 - — 
t 


42/ J 


r^‘2 t 

+ hor^^DSon T- 

JO J 


dt (2.7) 

( 2 . 8 ) 


where 


• = Current rise time, and 

♦ /jj = Current fall time. 

Higher operating frequencies imply proportionally greater energy losses. When 
switching frequency is increased, larger heat sinks are required in dc-dc convert¬ 
ers as the fixed amount of power dissipated during each cycle is repeated more 
often. Hence, switching losses limit dc-dc converter size. [Ref. 3;p. 322. Ref. 9;p. 
4.5] 

The results found in Table 2.1 are promising and a discovery of this 
nature may have other possible ramifications as well. Being able to construct a 
current waveform containing sinusoidal elements would constitute the creation of 
a zero-current-switching waveform. Turning the switching element on and off at 
zero current would not contribute, but assist in reducing both switching losses and 




switching stresses. Thus, additional and unexpected gains in power density, effi¬ 
ciency, and reliability could be achieved in low voltage power applications. [Ref. 10, 
Ref. ll;p. 377-378] 
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Figure 2.2: Hierarchy of Basic Current Waveforms as a Function of 
Charge, Q, and Switch on-time, r. 
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III. POWER CONVERSION ALTERNATIVES 

The concept of both linear and switch-mode power supplies is not new. As 
illustrated in Figure 3.1, there are several different types of power supplies available 
that will allow a design engineer to transform dc at one voltage level to dc of another 
voltage level. Over the years, the array of differences in voltage and current require¬ 
ments specified for different applications has produced a variety of tailor-made dc-dc 
converters specially designed to meet this indigence state. 

In a MOSFET, where conduction loss is 

fcond ' (3-1) 

the drain current, Iq, must be as small as possible to achieve highest efficiency. This 
chapter serves to examine how peak drain current through the switching element 
varies in two selected topologies. 

The discussion begins with an investigation into the approach used in both 
linear and non-linear power supplies (square and sine-wave) to achieve voltage reg¬ 
ulation in dc-dc power conversion; characteristic voltage and current waveforms are 
then explored to understand their waveshaping modus operand!. Today's superior 
high-frequency semiconductor devices permit active waveshaping to be employed as 
a methodology to better control and process power. Active waveshaping typically 
increases power density by extirpating most of the weight and volume normally 
dedicated to low frequency filter elements. Completion of this study is us('d by the 
author to verify that the current waveforms for the Buck and ZCS, quasi-resonani 
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dc-dc power converter topologies are appropriate for use in the framework of a dc- 
dc converter design. A model is developed for each converter type chosen which 
analyzes their structural properties and resulting voltage and current waveforms. 

A. DISSIPATIVE OR LINEAR POWER SYSTEMS 

In the basic design of a linear power supply, as shown in Figure 3.2, the 
converter uses a series linear element, usually a transistor operating in the continuous 
conduction mode, to act as a variable resistor to control and regulate the output 
voltage. The voltage across the pass transistor is always equal to the difference 
between the input and output voltage. In the linear mode of operation, dissipation 
in the controlling element is high and converter efficiency is low (30-60%). The linear 
regulator circuit provides precise line and load regulation required at the output of 
the supply. Although simple in design, this regulator type possesses no waveshaping 
capability. Hence, both the series and shunt dissipative regulators are of little use 
to the design engineer in reducing system losses. 

B. NON-DISSIPATIVE OR SWITCH-MODE POWER SYSTEMS 

There arc three separate classes of switch-mode converters available for use. 
they arc: 

• Square-wave. 

• Resonant, and 

• Quasi-resonant. 

Classically, each type of switch-mode converter is composed of a power handling 
device arranged in tandem with a distinctive number of passive energy storage ele¬ 
ments. inductors and capacitors, to form a unique topology capable of transforming 
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energy supplied by the source to the load. The power transistor is treated as an ideal 
switch. The kind of power transistor chosen is selected to operate in either its satu¬ 
rated (ON) or cut-off (OFF) mode to minimize power losses. The constant periodic 
changes between the two states makes these converters non-linear. Switch-mode 
converters possess the ability to use the fraction of time that the switch remains on 
(r, ton, DT, etc.,) in comparison to the switching period to regulate power flow to 
the load. The switching regulator obtains high efficiencies as a result of: 

• its ability to vary the duty cycle to raise the switching frequency above the 
line frequency to reduce the volume of reactive components and limit power 
losses, and 

• excellent closed loop load-transient response over wide ranges in load current 
[Ref. 12:p. 53]. 

Major internal losses, however, do exist from high currents flowing through the 
saturation resistance at transistor turn-on and transient switching losses occurring 
at higher frequencies. 

The combination of high efficiency, small magnetics, and reduced switching 
stress has resulted in improved, more reliable power converters rated at 200 W . 
which are emerging with power densities approaching 1 kW/in'^ at 9S9c efficiency 
[Ref. 13]. 

1. Square-wave Conv^erters 

As implied by Figure 3.3, a great variety of possible switch-mode topolo 
gies can be constructed using any particular combination of switches and storage 
components. However, only one out of the four of the most elementary converters, 
which are fundamental to all other derived dc-dc converters, is discussed here. 
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Figure 3.3: General Arrangement of Storage Components, Switches, and 
Low Pass Filter Elements in a Switch-mode DC-DC Converter [From Ref. 
14] 

The PWM controlled dc-dc converters, illustrated in Figure 3.4, operate 
in a switching mode rather than an analog mode to impress square waves of current 
and voltage onto power semiconductor switching elements. The desired dc output is 
controlled b}’ use of a switching transistor, inductor or high frequency transformer, 
rectifier, and output filter network to properly regulate the voltage against changing 
line and load conditions. Typical square-wave converters process power at a rate of 
20 to 500 kHz. Within this frequency range, the system is considered to be optimal 
in size, weight, reliability, and cost. .Above this plateau, square-wave converters 
are completely overwhelmed by frequency related losses. At the cost of cornple.vit}’. 
MOSFETs are generally used in resonant circuits to alleviate this condition, 
a. Buck DC-DC Converter 

(1) Operational Characteristics 

The simplest and most fundamental configuration to under¬ 
stand is the basic Buck converter, illustrated in Figure 3.5. This switching regulator 
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Figure 3.4: Input and Output Current Waveforms of Basic DC-DC Con¬ 
verters [From Ref. 15] 

is comprised of the following components: an ideal switch, src, which can be real¬ 
ized in this case by the implementation of a BJT with a free-wheeling diode. Di\ 
a dc power source. V; and a L-C filter used to reduce voltage ripple and provide a 
constant output, Mout- across the load, Ri. The value of C is chosen such that it 
is sufficient in size to ensure that the change in IT is small. The diode and 

transistor used in this discussion are assumed to be ideal switching components. 

In a Buck dc-dc converter, the regulated output voltage. 
is always less than the given range of the input, V. Using an integrated circuit con¬ 
troller, the output voltage, V^u,, can be compared with a stable reference voltage to 
create an amplified error signal to generate either a PW’.M or Frequency .Modulated 
(FM) waveform, which will control the switch-off period adequately. 

During the switching cycle in a Buck dc-dc converter, switch. 
SIC, as indicated in Figure 3.5(a) is periodically manipulated after a given amount 
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of time, r, from position A to position B for time T — t. The circuit topology in 
Figure 3.6 results. When switch, sw, is placed in position A at the beginning of 
the cycle time, to, the input voltage, V, is greater than the output voltage, Vout- 
This produces a constant voltage, = V — Vout, across inductance, L. Diode, D\, 
is reverse-biased due to the polarity of input voltage, V. This forces all current to 
flow into inductor, L, and a voltage to build across capacitor, C. Inductor current, 
ramps upward producing an output voltage across the load with a polarity 
in the direction as shown in Figure 3.6. This process occurs approximately until 
the output voltage, Vouj, exceeds a given reference voltage and the switch moves to 
position B. The peak current, Ip, developed in the inductor is directly proportional 
to the amount of time switch, sw, is turned-on. 

Once a value of Vout is achieved, switch, sw, is turned-off or 
opened at time t = t. The voltage, Vj., immediately drops to zero volts and the 
stored magnetic energy in inductor, L, reverses its field polarity to preserve the flux 
created by the formerly applied emf, causing diode, D\, to become forward-biased. 
Diode Dx, behaves as an automatic switch, able to commutate inductor current. 
Current through inductor, L, begins to ramp downward as current is discharged 
into both the load, Ri, and filter capacitor, C. Note, that the output voltage 
polarity across the load, Ri. •■emains unchanged as the voltage out. Vout- remains 
constant. 

At the end of the second time interval, either one of two different 
operational conditions can prevail. If the inductance current, throughout 

the course of the switching cycle in Figure 3.7(a) never reaches zero, the circuit 
operationally is specified as acting in the continuous conduction mode. Inductor 
current, ii{t), is always some non-zero positive value. However, if all accumulated 
energy in inductor, L, is expended and dissipated in the load, capacitor C will be 



forced to s' art its discharging process. This in turn will cause the output voltage 
to fall. The capacitor will completely discharge through the load due to diode, Di, 
positioning. At this point in time, switch sw will return back to position A and 
the process will repeat itself. A switch-mode converter in which the inductance 
current, becomes zero during a portion of the switching process, as shown in 

Figure 3.7(b), is specified as operating in the discontinuous conduction mode. The 
minimum amount of time necessary for the load to dissipate the energy built up in 
the inductor for a given on-time, r, is dictated by the size of the load requirement 
itself. As it will be shown in subsequent paragraphs, transition from a continuous 
to a discontinuous conduction mode can also be made a function of duty cycle, D, 
switching frequency, /,, and inductance, L, as well. 

(2) DC Voltage Conversion Ratio 

For any given design neglecting the voltage drop across the 
diode and the saturation voltage drop of the transistor in Figure 3.5. duty cycle, D, 
is defined as 

D = ^ = Tf, (3.2) 

where 

• r = Switch on-time, 

• /j = Switching frequency, and 

• T = Switching period. 

Given the fact that the average voltage across an inductor over a complete period 
is zero, the volt-seconds stored in the inductor during interval, r, must equal the 
volt-seconds released during the inductor discharge interval [Ref. 14:pp. 2S2-2S3. 
Ref. 17:p. 4]. Because of this, in the steady state the initial and final values of 
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Figure 3.6: Resulting Topological Changes in the Buck DC-DC Converter 
due to the Positioning of the Switch: (a) Switch-On, (b) Switch-Off 
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Figure 3.7: Buck DC-DC Converter Switching Waveforms: (a) Continu¬ 
ous Conduction Mode, (b) Discontinuous Conduction Mode [After Ref. 
16] 
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the inductor must be equivalent. Therefore, it can be stated that over two switched 
intervals, 


rDT 

/ Vtdt = - Vidt (3.3) 

Jo JDT 

Energy stored [volt — sec] = Energy released [volt — sec] 


or after completing the necessary integral calculation noted above: 


{y-V,^t)DT = \f^t{l-D)T 


(3.4) 


As a result of this criterion, a Buck dc-dc converter functioning in the continuous 
conduction mode will have a duty cycle, D, of. 


D = 


(3.5) 


By defining A/, a commonly used dimensionless parameter, as the dc voltage ratio 
(or converter gain) as 

A V . 

(3.6) 


~ ~V~ 


the step-down dc conversion ratio for a Buck dc-dc converter can be expressed as. 


M — D [Conlinitous conduction mode] . 


( 3 . 7 : 


Equating Equation 3.2 to 3.5, it is obvious that Vou< will alwa\’s be less than V in 
value. 

In the discontinuous conduction mode, the energy stored in the 
inductor during the interval, r, and then subsequently recovered during discharge. 
Tmin ” Or D 2 T, is slightly different than the aforementioned case or, 


(V - Wo.i)DT = \/out{Tmin - t)T 


where Tmin is the period of maximum switching frequency. 


(3.8) 
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This equation, which reduces to 


= 


D + {Tmin ~ t) D Z?2 


allows for a step-down conversion ratio of 

M = ^ ^ conduction mode]. 


(3.10) 


To develop a similar relationship for the dc voltage conversion 
ratio of a Buck converter functioning in its discontinous mode, it first must be 
understood that the dc output current (/l^vg = found in the load must match 
the average value of the current present in the inductor over time T or, from Figure 


3.7b, 


= ^ + f (r„,n - T) . 


(3.11) 


Peak current. Ip, in the inductor can easily be determined from the very well-known 
inductor voltage relationship 


V- = 4 

dt 


(3.12) 


as being 


Ip = T- - ^ = DT- -— {For inductor charge) (3.13) 


and, equivalently, 

Ip = —- = Vou(—^ {For inductor discharge). (3.14) 

■Le Li 

Therefore, by substitution of Equation 3.13 into Equation 3.11, Equation 3.15 re¬ 


sults. 


1 

^^AVG “ 


youtD^T 


[D + D 2 } 


in order to achieve an equation for D 2 . The equation for D 2 is 


D2iD, K) = 


-D±y/iWTTK K 


D 1 + ^ 


(3.16) 
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where 


K = 

This produces the desired result of 

2 


2L 2Lf, 


RlT Ri 


(3.17) 


M(D, K) = 


[Discontinuous conduction mode] (3.18) 


^ 1 + \/l + ^ 

in terms of D and K by careful substitution of Equation 3.16 into Equation 3.10 for 

A. 


It is very important to note the dramatic effect the parameters 
D 21 D, and K have on the voltage out of a Buck dc-dc converter operating in the 
discontinuous conduction mode. The dc gain exhibits a very strong dependence on 
switching frequency, inductor size, loading condition and duty cycle. This outcome 
is in very sharp contrast with Equation 3.7, the result for the continuous conduction 
mode. 


A converter can be operated in an open or closed loop manner. 

In an open-loop consideration, the converter is operated inde¬ 
pendently of the feedback regulator [Ref. 18:p. 148]. The duty cycle, D. is given 
and externally controlled (independently generated) [Ref. 19:pp. 117-118). Con¬ 
sequently, the decay ratio, 02, is a function of K and D as found in Equation 
3.16. 


In a closed-loop consideration, the dc output voltage is kept 
constant regardless of the input voltage by maintaining control over the duty cycle 
(PWM) or Tm,n (FM). The type of regulator used for PWM control adjusts the 
value of D, and hence D 2 is strictly dependent upon D and A'. It therefore becomes 
accommodating to develop an expression for D and D 2 in terms of M and A’. 
Equations 3.16 and 3.18 can be rearranged to create 

A-) = (3.".') 
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Figure 3.8: Inductor Current Conduction Mode Boundary Relationship: 
(a) Discontinuous Conduction Mode, (b) Continuous Conduction Mode 
[After Ref. 16] 

and 


D2{M, K) = - M) . (3.20) 

[Ref. lS:pp. 148-149, Ref. 19;p. 116] 

(3) Boundary Condition Determination 

It is now important to investigate the condition wliicli detei- 
mines whether a dc-dc converter is operating in the continuous or discontinuous 
mode. The boundary that splits the two modes apart is solely dependent upon the 
size of the inductor current decay interval. Using Figure 3.8 as a sample waveform, 
this principle is illustrated as follows. 
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When interval D 2 T is less than interval, T — or equivalently, 
^(l — D), the converter operates in the discontinuous conduction mode. Thus, 

D 2 < 1 — D [Discontinuous conduction mode], (3.21) 

If, though, £> 2 i the decay ratio, is made greater than the switch-off ratio, then the 
switch-mode converter will function in the continuous conduction mode yielding to 
the condition: 

D 2 > I — D [Continuous conduction mode]. (3.22) 

It is important to notice, again, how inductor current in each case varies within the 
interval, T. The guideline established for the boundary between two conduction 
modes in the case of the Buck converter therefore becomes: 

D 2 = 1 - Z) [Ref. 19 : p. 117]. (3.23) 

The critical value of A', h'crUtcah as defined in Equation 3.17, 
which defines the boundary between two conduction modes can be determined by 
placing D 2 from Equation 3.16 into Equation 3.23 to form: 
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By plotting Equation 3.24 in Figure 3.9, the range of operation 
for a Buck dc-dc converter can clearly be determined. If K is greater than KcritiD), 
as specified by the operating parameters L, /?, and /,, then the switch-mode con¬ 
verter will always function in the continuous conduction mode, independent of duty 
cycle D. However, when K is less than A'mai, the switch-mode converter operates 
in the discontinuous conduction mode. Kcritmai the maximum value of D possible 
for the function given in Equation 3.24. 

Equation 3.24 defines Kcrit{D) for the open loop consideration. 
For the closed loop case, when it is more suitable to describe the boundary condi¬ 
tion in terms of the dc gain, M, the parameter D can be proven equal to M by 
substitution of Equation 3.23 into Equation 3.10 for D 2 and reducing the result. 
The criterion for KctU is thus established by replacing D with M in Equation 3.24 
to form; 

KcrniM) = 1 - A/ . (3.2S) 

Graphing D vs. M{D,I\) (Equation 3.18) in both conduction 
modes provides interesting insight into the dc voltage gain characteristics of the Buck 
dc-dc converter. It is evident from Figure 3.10 that transition from one conduction 
mode into another for the Buck dc-dc converter occurs at higher values of D when 
K << 1. In the continuous conduction mode. M behaves in a highly linear fashion 
in contrast to its opposing mode of operation. A Buck dc-dc converter functioning in 
its discontinuous conduction mode increases in its degree of non-linearity in inverse 
proportion to A'. 

Transition from a continuous to a discontinuous mode of o]jer- 
ation for a Buck dc-dc converter with a maximum hcrit value of less than one can 
be achieved by varying the duty cycle, D, as just shown in Figure 3.9 and Figure 
3.10. The range of the duty cycle, D, or its corresponding gain, M(M = ^), is 
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important when designing a closed loop system in which the output voltage Vput is 
held constant over a widely varying range of input voltages, V. 

From an operational viewpoint, the design engineer usually is 
most interested in how a change of load, Ri, will affect the converter operating 
mode. As load resistance, /?£,, is increased to a high R value and the average 
inductor current is reduced below some critical value Rcrit, a converter will enter 
into its discontinuous mode of operation. Figure 3.11 indicates the effect load has 
on the inductor current waveform as load resistance, Ri, is increased. Diode, Di, 
in Figure 3.5, acting as an unidirectional current element, prevents waveform C 
from occurring. Inductor current is unable to reverse its direction of flow during 
switch off-time. Further decrease in load current be 3 -ond the limit set by Rent causes 
inductor current to remain at zero. By defining Rnom 

/?non. = 21/, = Y (3-29) 


1\ can be described in terms of Ri to obtain: 


K = 


2L 

RlT 


Ih 


(3.30) 


Now. another criterion for determining the boundary separating two conduction 
modes of operation can be established using 


R = 


R 


crif 


(3.31) 


to produce 


and 


Ri > Rent [Discontinuouft conduction mode] 
Rl< Rent [Con/iTiuous conduction mode]. 


[Ref. 14:p. 288. Ref. 15:p. 149, Ref. 19:p. 118. 125] 


(3.32) 

(3.33) 


3G 







K 



Figure 3.9: Determination of Conduction Mode Boundary Analyzing K 
vs, KcritiD) [After Ref. 16, 19] 

The preceding two equations can be best expressed as being 
the dual relationships to Equations 3.26 and 3.27 respectively. By replacing A' in 
Equation 3.30 with Kent from Equation 3.21 and solving for /?. an expression for 
Rent can be found for the open loop consideration as being: 

R.nt\D. = • ( 3 . 34 ) 

Similarly, an equation for Rer,t in the closed loop condition can be developed using 
Equations 3.28 and 3.30 to yield 

RcntiM. ^non-.)= • (3.3-^) 

Table 3.1 and Figure 3.12 are included to summarize the condi¬ 
tions and vividly illustrate how the parameters load of resistance. /?/.. inductance. 
T, switching frequency. /,. and duty cycle, D, affect the boundary condition of a 
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M(D,K) 



-= discontinuous conduction mode 

-- = continuous conduction mode 


Figure 3.10: DC Voltage Gain Characteristic for the Buck DC-DC Power 
Converter [After Ref. 16] 

Buck dc-dc converter. A qualitative increase in load resistance Ri. and for a de¬ 
crease of L, fi, and/or D will cause a switch-mode converter to transition into its 
discontinuous conduction mode of operation. 

2. Resonant Converters 

Resonant converters have been used in a wide variety of applications 
requiring high power density. The development of this circuit has evolved due to 
the inability of the square-wave converter to handle switching losses. The resonant 
converter when compared to a traditional Buck PWM converter offers the following 
advantages; 
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Figure 3.11: Inductor Current Conduction Mode Boundary Relationship 
as a Function of Load Resistance [After Ref. 14] 


TABLE 3.1: Boundary Conditions Between Two Conduction Modes 


CO.\TI.\UOUS 

CONDUCTION .MODE 

DISCONTINUOUS 

R < Rcr,t 


R > Rent 

K > Kcr.i 

K < — 

A < A cTit 

Di>l-D 


D 2 < 1 - D 

M = D 


M - ^ 

D + D: 
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• Higher efficiency due to reduced switching losses, 

• Smaller weight and volume in magnetic elements, filter components, and heat 
sink, 

• Reduced EMI from zero current switching, and 

• Increased reliability from reduced switching stresses. 

The resonant technique processes power in a sinusoidal fashion. Resonant 
converters use L-C tank circuits, which can be repetitively excited by a power source 
through the gating of semiconductor switches. Energy is exchanged back and forth 
with a time constant that is a function of the L-C product. This action is attained 
at times of zero current by opening and closing switching elements in series with the 
resonant current. Turn-off under zero-current conditions reduces switching stresses 
and switching losses. [Ref. 9:pp. 4-6. Ref. 20;p. 365, Ref. 21 :p. 221] 

The two most popular resonant converters in use today are the Series 
Resonant Converter (SRC) and the Parallel Resonant Converter (PRC), shown in 
Figure 3.13 [Ref. 22:p. 545, Ref. 23:p. 232], A PRC obtains its power by tapping 
the tank’s capacitor, while a SRC must tap its inductor current to acquire energy. 
[Ref. 12:p. 222] 

Figure 3.14 shows a simple resonant converter using switches to produce 
a square-wave voltage across a series LRC network. The current that flows is ap¬ 
proximately sinusoidal and in phase with the square-wave voltage at resonance. As 
the frequency at which the circuit operates is moved further away from the point 
of resonance, the tank impedance rises, reducing load current and power. Excessive 
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deviation from resonance produces a phase difference between load current, /l, and 
square-wave voltage, Vsw. [Ref. 5:p. 367] 

Resonant technology, although frequently used in high power SCR motor 
drives and uninterrupted power supplies, has not gained wide acceptance in low 
voltage dc-dc conv'erter applications. Due to circuit complexity and phase differences 
occurring in resonant converters under certain conditions, quasi-resonant converters 
have become the popular alternative. They too share the main advantage of resonant 
converters, that is, the semiconductor switch can be naturally commutated using 
sinusoidal current waveforms produced by an L-C tank circuit. [Ref. 5:pp. 366-377. 
Ref. 21 :p. 7, Ref. ll:p. 377] 

3. Quasi-Resonant Buck DC-DC Converter 
a. Circuit Element Topology 

Figure 3.15 illustrates a quasi-resonant Buck dc-dc converter in its 
half-wave mode configuration. This type of circuit represents a whole new genera¬ 
tion of converters. The quasi-resonant converter is a descendant of both the PW’.M 
converter and resonant converter. Consequently, this new converter topology ben¬ 
efits from having a resonant tank circuit that produces a pseudo-sinusoidal current 
or voltage waveform in the resonant switch and a continuous resonant inductor cur¬ 
rent or resonant capacitor voltage waveform that is not broken up by intermittent 
operation of the transistor power switch. [Ref. 21:pp. 7-8] 

Like a true series resonant converter, a quasi-resonant converter is 
preferred to PW.M regulation in applications concerning high power and high switch¬ 
ing frequencies. Use of either a zero-current switching or zero-voltage switching 
technique permits operation primarily at a higher switching frequency while reduc¬ 
ing switching loss, lowering device stress, and cutting size of reactive energy-storag(‘ 
elements [Ref. 25:p. 472). This important discovery comes at a time when use of 
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Figure 3.13: (a) Full Bridge Series Resonant Converter, (b) Half Bridge 
Parallel Resonant Converter [From Ref. 22, 23] 



V 

(a) 


(b) 

Figure 3.14: a) A Voltage Source, Series Resonant Converter, b) Switch 
Waveforms Showing Zero Current Transitions [From Ref. 5] 

new power MOSFETs at switching speeds of tens of megahertz (MHz) is imminent. 
However, capacitive turn-on loss has restricted operation of this type of converter 
to a switching frequency of 1-2 MHz; conduction loss is generally greater since the 
sinusoidal current gives rise to increased rms current [Ref. ll:p. 377. Ref. 2.5:p. 55]. 

•A quasi-resonant converter is formed by inserting a resonant switch 
into the proper location of a conventional PWM controlled Buck dc-dc converter. -A. 
resonant switch is comprised of the following components: a resonant inductor, Lr. 
a resonant capacitor, C^, and a semiconductor switching device [Ref. 21 :p. 27S. Ref. 
24:p. 472, Ref. 26;p. 107, Ref. 27:p. 395]. .As viewed in Figure 3.16. the resonant 
inductance, Lr, is always placed in series with the switch to moderate the change 
in current with respect to time, and a resonant capacitor is added as an additional 
energy storage and transfer element [Ref. 21:pp. 11-12. Ref. 24:p. 472]. 

The series resonant. L-type, switch topology is employed in Figure 
3.15. It is used when current-waveform shaping is desired. .N'ote. also, the placement 
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of resonant capacitor, Cri it is connected in parallel to the series combination of the 
switch and resonant inductance, L^. The L-C tank circuit is necessary to cause 
current resonance in the circuit as energy is periodically interchanged between the 
resonant inductor and capacitor. This is done to ensure that the transistor can be 
naturally commutated on and off at zero-current, instead of being forced off by an 
applied gate signal. [Ref. 21 :p. 12, Ref. 28:p. 381-382] 

Positioning of diode D-^ (in Figure 3.15) is important when deter¬ 
mining actual flow of switch current and switch mode type of operation. As shown, 
diode D 2 will only allow the switch current to resonate in its positive half cycle and 
operate in a half-wave mode. However, a full-wave configuration is easily obtained 
by placing diode anti-parallel to the switching device, giving the switch current 
a bidirectional flow. Figure 3.16 illustrates the resonant switch characteristics of 
both half-wave and full-wave configurations for each L and M type of switch. [Ref. 
ll:p. 378, Ref. 21:p. 12, Ref. 26:p. 107] 

Application of the resonant switch is not limited to just the Buck 
converter, but has found use in all variations of the basic Boost. Buck-Boost. Cuk. 
and their derivatives as well. Figure 3.17 gives a graphical comparison of these 
quasi-resonant topologies vs. their standard PWM converter counterparts. [Ref. 
21:p.23, Ref. 24;p. 476] 

b. Circuit Analysis of the Quasi-Resonant Buck DC-DC Con¬ 
verter 

In order to develop useful expressions for voltage and current rela¬ 
tionships which accurately describe the behavior of the ZC.S. quasi-resonant dc-dc 
converter, the following assumptions are essential; 
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Figure 3.15: Quasi-Resonant Buck DC-DC Converter 

L'lupe r\“lups 



( b ] 

Figure 3.16: Current-mode Resonant Switch Topology: (a) Half-wave 
Mode, (b) Full-wave Mode [From Ref. 21] 
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Conventional 


L-Typc 


M-Typc 



Figure 3.17: Zero-Current Switched Quasi-resonant Converters: a) Buck 
b) Boost, c) Buck-Boost, d) CUK [After Ref. 21, 24] 
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• All semiconductor devices used are ideal, implying zero saturation voltage from 
negligible on resistance, zero leakage current in the off-state because of infinite 
off resistance, zero switching loss due to zero current rise and fall times, and 
zero capacitance. 

• Switch diode, Z) 2 , and free wheeling diode, Da, are ideal. 

• All reactive elements are lossless, linear, passive, and time invariant in behavior 
without any parasitic elements. 

• Lq is chosen to be much larger than to ensure Lq—C resonates at a frequency 
greater than Lr — Cr [Ref. 29;p. 345]. 

• The output filter, Lq — C, and load resistance, Ri, are modeled as a con¬ 
stant current sink given that inductance and capacitance of the filter are large 
enough to produce a constant current and voltage output. [Ref. ll:p. 380, 
Ref. 21 :p. 15, Ref. 26:p. 344, Ref. 30:p. 287] 

(1) Mode I: Resonant-Freewheeling State 

A ZCS, quasi-resonant Buck dc-dc converter having two pri¬ 
mary switches, su' and D 3 , can be characterized by its four distinct modes of op¬ 
eration as shown in Figure 3.18. The analysis begins prior to time i = 0 with the 
switch, SU', being open and the capacitor voltage, Vcr, set at zero volts. Current 
provided by current sink, flows through forward-biased diode, D 3 . in a closed 
loop fashion during this first mode. 

(2) Mode II: Inductor-Charging State 

At time t = 0, the switch is closed and Mode 11 begins. Current 
flow through forward-bia.sed half-wave diode, Dj, charges inductor. L^. at a rate of 

diu ^ - VK _ 

dt Lr Lr 
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(3.30) 







where 


• V = input voltage, and 

• = resonant inductor current. 

Current generated by the inductor is not allowed to charge the resonant capacitor, 
35 a result of changing the bias on diode D 2 ^ until the instantaneous resonant induc¬ 
tor current, IltWi exceeds the output current, //,. The voltage Vcr thus remains 
clamped at zero volts until time, Ti, as pictured in Figure 3.19. The duration of 
Mode II is, from Equation 3.36 

T,o = ~ . (3.37) 

(3) Mode III: Resonant-Charging State 

Mode III marks the beginning of the resonant charging state in 
the quasi-resonant converter as diode D 3 is commutated off. During this interval 
[T), T 3 ], the current waveforms of the resonant capacitor and the resonant inductor 
are quasi-sinusoids. The period of time to resonantly charge the resonant ca])acitor 
voltage, Icr, from 0 to 2V with a current of 

Jcr{i] = hM) - II (3.3S) 


requires 

721 = (3.39) 

which is equal to one-half of the resonant circuit period. 

Both the resonant inductor, Lr-, and the resonant cajiacitor. 
Cr, are constrained in size by the relationship governing resonant frequency. This 
condition expressed as a function of Lr and Cr is defined as: 


fr = 


1 

2ny/LrCr 


(3.40; 
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In a current-mode resonant switch, the periodic interchange of 
energy between resonant components Lr and Cr takes place mainly during switch 
on-time. Resonant inductor current is dependent upon the energy shared between 
the resonant elements L, and Cr- Therefore, peak current passing through a power 
semiconductor device used in a ZCS, quasi-resonant converter is always greater 
than its corresponding PWM converter counter-part [Ref. 21 :p. 66, Ref. 28:p. 384]. 
Resonant inductor current, reaches its maximum value, 

~ ~Tl^ (3.41 

vfc 

at time Tj -f- At, when capacitor resonant voltage, V'cr, equals input voltage. P. 

Equations describing the behavior of current flowing through 
inductor, and voltage present in resonant capacitor, are found by applying 
Kirchoff’s Laws. First, the voltage drop across inductor, Lr, from Ti to T 3 is 

V-VcAl) = L,^^) . (3.42) 

The current through the capacitor, Cr, which is proportional to tlie instantaneous 
time rate of change of voltage, can be determined using Equation 3.38 and rewritten 
as 

h.m-h = C,{^) . (3....3) 

Realizing that / = Equation 3.42 can be written in operator form as 

where 

• Z? = ^. and 

• Q — instantaneous charge present in the resonant capacitor. 
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Equation 3.44 is solved as a second-order linear differential equation in terms of Q. 
Knowing that Vc^(O) = 0, the result, 

Q 

^Cri^) = TT — V(1 —coswt) (3.45) 

is obtained for the voltage present in the resonant capacitor from Ty to T 3 . This 
then allows an expression for the current through the resonant inductor, to be 
formed as a function of its alternating current (au;) and dc components. This is 
accomplished by replacing Vc, in Equation 3.43 with Equation 3.45 and solving to 
yield 

hrii) = \ ^ + h • (3.4G) 

V 

Close examination of this current waveform in Figure 3.19 re¬ 
quires that the ac component of resonant inductor current always be greater than 
its corresponding dc component. If, for a given input voltage, the load current. 
Ji, is ever greater than the magnitude of its corresponding ac component of reso¬ 
nant inductor current, then the zero-current property will be forfeited. The current. 
•^Lr(0" because of its size, will be unable to decrease to zero due to the proportion 
of 4 . [Ref. ll:p. 383] 

During this third mode of operation, a second point in time 
exists when IcM) in Equation 3.38 once again equals zero. This occurs at time T 2 
in Figure 3.19 when Vc\ is equivalent to 21'. The time for the resonant current to 
completely ring down from 4(4) to zero at switch turn-off 4(4) is directly related 
to 

4 = 4. sin 2s-^ =4. sin - 7 == . (3.47) 

i J V T , 

The duration of this particular segment lasts approximately 
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where 


• ^ = Tzfe’ 

• Z = (Resonant characteristic impedance). 


(4) Mode rV Resonant Capacitor-Discharge State 

Time T 3 is used to mark the beginning of Mode IV as indicated 
in Figure 3.18(e) and 3.19. Switch sw is naturally commutated off as instantaneous 
resonant inductor current, IirWi ^^.lls to zero. Prompted by a reverse voltage of 
Vc^ — V, diode D 2 is used to prevent any reverse current flow through the resonant 
switch. 


During time interval T43, the resonant capacitor’s voltage dis¬ 
charge to the load is linear as voltage Vc^ drops. The rate at which this energy 
exchange takes place is proportional to the load current, i.e., 


Ji = _4 

^43 Cr 


(3.49) 


where V 3 is the voltage at time Ts. 

To determine the time it takes the circuit to complete this ac¬ 
tion requires an expression for V3. Knowing that the voltage is in a state of decay- 
dictates use of a negative cosine function to properly describe its waveform. There¬ 
fore, 

V 3 = V -|- V cos [u;T 3 ^] (3.50) 


or after further computation V 3 expressed in terms of V, and Z becomes: 


V3 = V /v/2 - {laf . 


(3.51) 


Finding the time interval over which this process quickly occurs 
now becomes a simple matter of substituting Equation 3.51 for 1 3 of Equation 3.49. 
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Thus, 


r«=f^\/h(>-(4|))] . (3.52) 

Equation 3.52 describes the ability of the resonant capacitor, 
Cr, to discharge energy in a given period of time. In a ZCS, quasi-resonant converter, 
resonant cycles of fixed on-time. To to T 3 , or T 30 , are separated by non-resonant 
stages of variable off-time, T 3 to T 5 , or 753 . Control of the circuit’s resonant ca¬ 
pacitor, Cr, as shown in Figure 3.19, is very important in regulation of switching 
frequency and transfer of power. 

(5) Mode I - Revisited 

The next mode is a repetition of the first. From time T 4 to T 5 , 
or r 54 , current originating from the current sink, 7^, flows through the freewheeling 
diode, 7 ) 3 . As pictured in Figure 3.19, until the next voltage (Vgs) is applied and 
inductor charging begins, inductor current will remain at zero. 

The total period of the quasi-resonant Buck dc-dc converter 
switching cycle is denoted by T, and is defined as the sum of all combined time 
intervals, or 

T = Tjo -I- T 21 -h T 32 -f 743 -|- T 54 . (3.53) 


Overall, Equations 3.45 and 3.46 determine the maximum cur¬ 
rent and voltage ratings required from a zero-current quasi-resonant Buck switching 
element. Maximum permissible peak resonant current through the switch is 



(3.54) 


The maximum forward voltage possible that can be delivered to the switch is V', The 
above mentioned fixed resonant parameters Cr and Lr are again important, since 
their magnitude controls switching frequency and peak resonant of the waveform 
directly. 
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Figure 3.18: Various Modes of a ZCS, Quasi-Resonant Buck DC-DC 
Converter 
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c. DC Voltage Conversion Ratio 


Once again, M, a dimensionless parameter, is used to describe the 
dc conversion ratio or dc gain of the qucisi-resonant dc-dc converter as being: 



(3.55) 


The input energy stored in resonant inductor, Zr, during the switch 
turn on time, Tao = — Ti, must equal the energy released per cycle to the load. 

Therefore, equating the input energy, Z",, to the output energy, Ec. produces 

V r hAtjdt + hM)dt + V hM)dt = IlVlT (3.56) 

JTo JTi JT-i 

Energy stored [volt — sec] = Energy released [volt — sec]. 


To greatly simplify matters, manipulation of Equation 3.56 can be 
made less strenuous if the quasi-resonant current waveform is considered to be a 
near perfect sinusoid. Equation 4.19 then can be written as 


V = VlIl 


(3.57) 


where I,navg the average resonant input current viewed by the switch. 

This now permits use of the approximation described in Equation A-1.2 to determine 
the average resonant input current as seen by the switch. Thus, the dc conversion 
ratio expressed as a function of average input and output current becomes 


M = 


Ario. 9 

2 

T^oEu-mai^r 

h . 

TT 

T ]0 


(3.5S) 


It can also be shown, after several calculations, that the output 


voltage in Equation 3.56 is equal to 

_ E 


i) 


^10 + E'M + 7 .J 3 


(3.59) 


[Ref. 29:p.348] 
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Research by several authors has exposed the sensitivity of the dc 
voltage conversion ratio for the quasi-resonant Buck converter to load variation. As 
shown in Figure 3.20, the voltage conversion ratio for the half-wave mode is very 
sensitive to different loading conditions in comparison to the full-wave mode. Under 
a heavy current loading condition, the majority of the energy generated by the 
resonant L-C rank circuit is delivered and consumed by the load. However, under 
a light load condition, when Rl is large, resonant inductor current, IlM)i becomes 
less. This fact is understandable, since Vi = IlRl and time interval ATio must 
decrease for a constant output voltage. Consequently, Equation 3.46 will 

have a smaller constant dc value, 7^,, and, in comparison to a heavy load condition, 
will oscillate less in the first half of the resonant cycle and have a lower overall 
negative value in its second half cycle. Hence, a quasi-resonant switch in the quasi¬ 
resonant Buck converter, operating in a full-wave condition, can compensate for a 
varying load by passing more or less reverse current through the anti-parallel diode. 
But a Buck resonant converter built to function in the half-wave mode must resort 
to a frequency alteration to regulate its output voltage. Therefore, under very heavy 
load conditions, dc voltage gain for a quasi-resonant Buck converter operating in 
either mode, can be shown to equal, 

A/ = ^ = A (3.(;0) 

V Jn 

where is the circuit resonant frecjucncy. 

If duty cycle. is substituted for frequency, this result is identical 
to that of a PW.M Buck converter. Notice, also, that the dc voltage conversion ratio, 
as defined by Equation 3.60. is completely independent of load resistance. [Ref. 
ll:pp. 383-383, Ref. 21:pp. 26-27. Ref. 26:pp. 110-111, Ref. 29:pp. 348-349] 
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IV. SWITCHING ELEMENT SELECTION 

The arrival of fast power switching solid state devices of the bipolar, MOS- 
FET, and thyristor variety has brought about a revelation of change in the tech¬ 
niques used in development of new smaller dc-dc power converters. Each type of 
semiconductor device has its own individual strengths and weaknesses. The research 
in this thesis supports the use of a power MOSFET over a minority carrier device, 
due to its superior performance. This section is used to identify and discuss key 
power MOSFET electrical characteristics highlighted in Table 4.1. A comparison 
is made between a BJT and the enhancement mode (N-channel) power MOSFET. 
Subsequent paragraphs are used to discuss certain device power losses and salient 
operating characteristics which factor into current waveform waveshaping. 

A. MOSFETS MATURE 

The transistor, when used as a switch and forced to operate under harsh con¬ 
ditions, is probably the most highh’ stressed component in a dc-dc power converter 
circuit. A poor switch design will place severe limitations on system efficiency and 
reliability. Hence, higher frequencies have mandated the use of transistors as switch¬ 
ing elements in converter designs today. 

In the beginning. BJTs were preferred over MOSFETs as switching elements. 
MOSFETs found no application in the switch-mode power converter industry due 
to rating limitations and relatively high conduction losses. As shown in Figure 4.1, 
development of power MOSFET technology started to increase dramatically in the 
latter part of the 1970's when the fabrication process used in their manufacture was 
modified. Improvements in device on-resistance per unit area, particularly in th(' 
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TABLE 4.1: Power MOSFET Electrical Characteristics 


II 

DEVICE 



PARAMETER 

MOSFET [N CHANNEL] 

A 

Middle (20 80 kHz) 

Switching Frequency 

Very High (100 kHz ~ 2 MHz) 

P 

Middle 

Cost 

High 

P 

Middle (500 V) 

Voltage 

High (1200 V) 

R 

Middle (10’ ~ 10=) 

Current Gain 

High (10‘ ~ 10*) 

A 

Middle (150 “C) 

Maximum Operating Temp 

High (200 “C) 

I 

Low (10^ ~ lO^fl) 

Input Impedance 

Very High (10^ ~ 10”n) 

S 

Low 

On Resistance 

High (60 -v 250 milli D for 100 V) 

A 

High 

Off Resistance 

High (10®D) 

L 

Good 

Ruggedness 

Excellent 

R 

Limited at Higher Frequencies 

SAO 

Exceptionally Stable 

A 

Minority 

Semi-conductor type 

Majority 

T 

Current 

Device Control Type 

Voltage 

1 

Elaborate 

Control Circuitry 

Simple 

N 

Yes 

Second Breakdown 

No 

G 

Negative 

Temperature Coefficient 

Positive 
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Figure 4.1: Milestones in the Growth of Power MOS Technology [FVom 
Ref. 31] 

low voltage region coupled with their high breakdown voltage, low current leakage, 
ruggedness, and ease of use have made MOSFETs an attractive alternative in the 
power electronics industr}'. [Ref. .31;p. 448. Ref. 32:pp. 311, 418] 

Double-diffused or DMOS technology, as shown in Figure 4.2, has replaced con¬ 
ventional surface-groove technology, called VMOS. This MOS structure eliminates 
many of the voltage and on-resistance limitations of conventional MOS transistors 
by maintaining a tight tolerance over channel-length reproducibility to within 1 to 2 
mm and by heavily doping the body region (p-doped area) in comparison to the X 
drain (epitaxy) region during each diffusion cycle. [Ref. 9:p. 2.20. Ref. 33:p. 216. 
Ref. -34:p. 23] 
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Channel 



Dram 

Region 


Figure 4.2: The Structure and Dopant Profile of a Lateral DMOS Field 
Effect Transistor [From Ref. 33] 

The development of the power MOSFET has evolved due to the need of a 
switching device that can operate well above the 20 kHz frequency plane [Ref. 35. 
p. 90). The appeal of the MOSFET comes mainly from its switching behavior. Un¬ 
like a BJT, a MOSFET is a majority-carrier device capable of ultra high switching 
speeds, as indicated in Figure 4.3. The speed at which either device switches is 
proportional to time delays within its structure and the presence of different capac¬ 
itances which must be alternately charged and discharged. The MOSFET's high 
operating frequency allows for unexpected power density, and reduced output noi.^e 
and ripple. [Ref. 33:p. 217, Ref. 37;p. 13, Ref. 3S:p. 16, Ref. 39:p. 91] 

B. DEVICE TURN-ON CHARACTERISTICS 

In a BJT, movement of carriers is from the emitter to collector region through 
the base. Electrons which are injected from the emitter to the base are labelled 
minority carriers. For a BJT, turn-on requires only that the capacitances associated 
with the junction be charged. However, when switched off. poor turn-off behavior 
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Turn-pit Tun# 



Figure 4.3: Turn-off Time as a Function of Rated Blocking Voltage for 
MOSFETs, Bipolar Power Transistors and Fast Switching SCRs [From 
Ref. 36] 

is observed for this minority carrier device. Upon application of reverse base drive 
current, the stored charge in the semiconductor material required to sustain current 
flow results in a storage time that reduces its turn-off speed. [Ref. 33;p. 217] 

The MOSFET, on the other hand, is a voltage-controlled device. A MOSFET 
is turned on by applying a voltage within specified limits between the gale and 
source to produce a current flow in the drain. Current flow from source to drain is 
supported by majority carriers. 

C. EFFECT OF INTERNAL CAPACITANCES 

A MOSFET is capacitive in nature. Figure 4.4 provides a cross-sectional view 
of a power MOSFET and its associated capacitances. During each switching cycle 
when the MOSFET is turned on. the MOSFETs parasitic input capacitance. C.,,. 
must be charged and then discharged to make the channe’ conductive. This tiny 
input capacitance used to model the metal-oxide gate structure itself is formed as 
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Figure 4.4: Cross Sectional View of a VDMOS Power FET Showing the 
Origin of the Interelectrode Capacitances [From Ref. 9] 

a result of several manufacturing limitations and design trade-offs. It is defined as 
being 

= Cos + Cod (‘id) 

where 

• Cgs = Gate-to-source capacitance, and 

• Cgd — Gate-to-drain capacitance. [Ref. .31:p. 92. Ref. 32:p. 312. Ref. .3-l;p. 
24. Ref. 35:p. 91] 

A MOSFET reacts as a resistive device and dissipates additional energy as the 
gate drive is used to charge C,,s past a threshold voltage. To attain higher switching 
speeds, the source impedance of the driving voltage source is kept low. Ultimately, 
the speed at which this device switches is dependent upon the ability of the gate 
driving source to supply and remove gate charge. Therefore, the total average "ate 
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drive dissipation, Pq, within a power MOSFET is equal to, 


Pg = 


Rg 


{Rq + Rdr)\ 


or 


where 


Pg = Qg^gsIs 


Rg 

(Rq + Rdr) 


(4.2) 


(4.3) 


• Ciaa = MOSFET input capacitance, 

• Vgs = Peak gate-to-source input voltage equal to 

• fs = Switching frequency, 

• Qc = Peak gate charge, 

• Rg — Internal gate resistance, 

• Rdr = External drive resistance. [Ref. 9:p. 4-6, Ref. 38:p. 17, Ref. 39;p. 96. 
Ref. 40:p. 407] 

Although, input capacitance in reality is non-linear in nature; for simplicit}-, it is 
approximated as a constant value. [Ref. 33:p. 217, Ref. 3.5:p. 91. Ref. 37:p. 13. 
Ref. 41:p. 151] 

In today’s MOSFETs, the above loss becomes significant only at very high 
switching frequencies in the megahertz range. Not only does this capacitance in¬ 
crease switching time, but, its energy is lost twice each cycle. Power dissipated in 
the gate drive circuit can be diminished by use of a resonant technique to charge 
C,a,. If the differential voltage (Vo„ — Vo//) is used to increase switching speed, it 
is accomplished at the expense of a sub.stantial power loss. [Ref. 5:p. 365-366, Ref. 
ll;pp. 386-387, Ref. 40;p. 408] 
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Another loss that must be considered is the power loss related to the MOS- 


FET’s output capacitance, Co«. This parameter, which is defined eis 

Cot! = Cds + Cbg , (4-4) 

where 

• Cds = Drain-to-source capacitance, and 

• Cdg = Drain-to-gate capacitance, 


contributes greatly to switch loss in a Buck square-wave dc-dc converter, especially 
when Vps is greater than 100 volts [Ref. 4:p. 62, Ref. 9:p. 3-6]. This loss. 


Paw—on — <^faCoaa^ DS 


where Vos is the drain-to-source voltage prior to turn-on is not affected by how fast 
the channel can turn on. This is because, at device turn-off, the MOSFET channel 
becomes very high in impedance, forcing the commutating load current to charge 
the output capacitance. Energy entering into the MOSFET during this time interval 
is stored within Coaa until its voltage, Vjjs, equals the voltage in 1'. There is no 
energy dissipation until the MOSFET is turned on again to complete the switching 
transition. At this point, energy is lost as load current commutates to the free 
wheeling diode, causing Coaa to discharge through the drain. [Ref. 4:pp. 62-63, Ref. 
40;p. 404] 

At switching frequencies above 1 MHz range, the energy contained within 
must be conserved to preserve efficiency [Ref. 6:p. 58, Ref. ll:p. 37S]. Two options 
exist. First, a MOSFET can be constructed with a lower value of Co,s- But. usually 
with this kind of change comes an increase in on-resistance, 3^nd conduction 

loss. A more favorable result is obtainable if a zero-voltage switching technique is 
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used to shape transistor voltage and achieve zero-voltage at turn-on. [Ref. 4:pp. 
62-63, Ref. 21:pp. 3-4, Ref. 40:p. 404] 

D. DEVICE TURN-OFF AND OFF-RESISTANCE 

Turn-off circuitry for a power MOSFET conversely is very simple in comparison 
to that of a BJT. Removal of the gate-to-source voltage instantly causes the channel 
between source and drain to become high in impedance (10® ohms) [Ref. 34;p. 23]. 
Having a layer of Si02 between the gate and body electrically isolates all current 
flow from the applied voltage source into the gate, except for minor leakage currents 
(less ~ microamperes). This characteristic allows power MOSFETs to be driven 
directly by CMOS or TTL circuitry. On account of this, power loss. Pi, due to 
drain-to-source leakage, 

Pl — Jdss^ds{^ — D) (4.6) 

is usually disregarded unless Tj (junction temperature) is high or Vos is not signifi¬ 
cantly less than the threshold voltage of the device during switch off-time [Ref. 9:p. 
4.7]. [Ref. 35:pp. 91-92, Ref. 37;p. 13] 

A power MOSFET, because it is not limited by minority charge storage effects, 
has a very short turn-off time as previously demonstrated in Figure 4.3. Switching 
time is a direct function of gate capacitance and available drive current. Turn-off 
capability of a minority carrier device, e.g., a BJT, can be improved by using added 
external circuitry, but its performance is degraded by one or more of the following 
inadequacies: 

• Greater circuit complexitj’, 

• More frequent voltage and current spikes, 

• Increased switching loss, and/or 
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• Greater limitations on circuit switching frequency and/or load range. [Ref. 
21;pp. 2-3] 

Hence, power MOSFETs are better suited devices for use in low power, high fre¬ 
quency applications. [Ref. 9:p. 4.7, Ref. 33:p. 217, Ref. 39:p. 91] 

E. STATIC OPERATING CHARACTERISTICS 

A MOSFET, when utilized as a switch, cycles from time to time from its sat¬ 
uration region to its cutoff region and vice versa. Comparison of typical output 
characteristic curves for both the MOSFET and BJT devices shows the MOSFET 
in Figure 4.5 having a constant resistance (ohmic region) and constant current (sat¬ 
uration) region. When turned on and V^s is small, .he MOSFET will operate in the 
linear region of the curve where drain current. Id, is proportional to drain-to-source 
voltage, Cd 5 . Application of additional drain-to-source voltage causes the device to 
move past pinch-off into a region of constant drain current. It is the actual increase 
in drain current which compels carriers to move through the channel area, causing 
a transverse voltage drop to occur. This in turn creates an increase in on-resistance 
as the channel shortens. For values of Vps greater than ten volts, the MOSFET 
behaves a^ a current source if 1^5 is held constant. Transition from one state to an¬ 
other is strictly gate-to-source voltage dependent. The relationship of on-resistance 
as a function of gate voltage and channel current is illustrated in Figure 4.6, [Ref. 
9:p. 5.72]. [Ref. 9: pp. 2.2, 5.71, Ref. 34:p. 24, Ref. 38:p. 93-94] 

F. ON-RESISTANCE 

A MOSFET, as previously stated, when in its constant resistance region, func¬ 
tions as a resistor. Figure 4.7 reveals each of the internal parasitic resistances found 
in this device. In a power MOSFET, most loss suffered comes from on-resistance. 
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Drain current. 
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Figure 4.5: Comparison of Idealized Output Characteristics of a) Power 
MOSFET, b) Bipolar Power Transistor [From Ref. 34] 
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Figure 4.6: Device Resistance as a Function of Vg 5 [From Ref. 9] 
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Figure 4.7: MOSFET Internal Parasitic Resistances [From Ref. 9] 

RoSoni through which all drain-to-source current, lo, must flow. The on-resistance 
of a power MOSFET is very important because it determines conduction voltage 
drop, power handling capacity, and an efficiency of a device [Ref. 42:p. 212]. 

Conduction loss, as previously defined in Equation 2.3, is once again stated as 

Pcond = f,Tll{rms)RDS(^, (•!■') 

Conduction losses are not a function of Roson Id alone, but are dependent upon 
junction temperature, Tj, gate-to-source voltage and manufacturing variations [Ref. 
9:p. 4.7], 

Characteristic of all MOSFETs. each has a positive temperature coefficient as 
shown by the BUZ-60 s,>ecification sheet located in Appendix C. .As a rule. Rps^^.,- 
will double approximately for every 110°C rise in junction temperature. Power 
dissipation will increase as well, but switch time will remain a constant. A BJl, 
on the other hand, is less stable thermally. Its switching loss is increased with 
temperature, usually doubling every 100°C. [Ref. 41:p. 152] 
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In general, for the same die size and junction temperature, on-resistance will 
grow for a given voltage rating, due to the device’s internal resistance distribution 
[Ref. 9:p. 4.8]. For example, a BUZ 347 rated at 50 V possesses a value of 0.03 
Q in comparison to a BUZ 311 rated at 1000 V, which typically has a value of 
approximately 6 fl. Also, channel resistance, Rch:mneh which is determined by the 
channel length, gate oxide thickness, carrier mobility, threshold voltage, and ac¬ 
tual gate voltage applied to the device is more dominating in low voltage devices. 
Epitaxial layer thickness and resistivity, Repi, are more important in high voltage 
applications in conjunction with higher drain-to-source voltage rating requirements, 
as illustrated in Figure 4.8. Epitaxial layer thickness selection is crucial in minimiz¬ 
ing device on-resistance for a given breakdown specification and die size [Ref. 9:p. 
2.51). 

Conduction losses for a BJT, as defined by, 

Pcond = + he^'be) (“I'S) 

where 

• r = Switching element on-time, 

• T = Switching period, 

• ic = On-state collector current, 

• Vcf = On-state collector-to-emitter voltage, 

• ii,r — Base-to-emitter current, and 

• Vic = Base-to-ernitter voltage. 

are usually considered minimal in a switch-mode power converter. The design en¬ 
gineer has the option of selecting an optimum base current, q,, that will force the 




transistor into saturation, lessen power dissipation as a result of Vcei and prevent 
losses due to high current in the drive circuitry. The ability to bias a BJT and limit 
conduction loss results in a significant advantage in voltage drop for a given current 
over a power MOSFET. However, a trade-off exists since switching performance is 
degraded for each increase in base current, tj,, due to a growth in storage time. This 
handicap retards device eflSciency in regard to switching frequency. [Ref. 33:p. 217, 
Ref. 43:pp. 396-397, Ref. 44:p. 200] 

At switching frequencies below 1 MHz, on-state conduction loss is much more 
severe in a MOSFET than a BJT [Ref. 39:p. 92]. This truth is centered around 
the fact that conduction voltage of a MOSFET is higher and increases with voltage 
rating. It generally implies that a BJT is a more efficient device at low frequency in 
low voltage applications. Switching losses impair MOSFET operation only at fre¬ 
quencies above several hundred kHz. Switching losses in a BJT become more preva¬ 
lent and surpass MOSFET conduction loss only at progressively higher frequencies. 
When comparing total power loss per unit area or maximum current density in each 
device as a function of frequency by adding switching losses to conduction losses, 
the crossover point, as illustrated in Figure 4.9 occurs at approximately 10~60 kHz, 
depending upon given conditions [Ref. 33:p. 217, Ref. 36:p. 1, Ref. 37:p. 14]. 

G. SAFE OPERATING AREA AND DRAIN-TO-SOURCE BREAK¬ 
DOWN VOLTAGE 

Another item worth noting in Table 4.1 is the SOA (Safe Operating .Area) of 
a BJT in comparison to a power MOSFET. An SOA graph is shown in Figure 4.10 
defining the maximum values of current and voltage for each device at a given con¬ 
tinuous rating. A power MOSFET wdll undergo avalanche breakdown if its applied 
drain-to-source voltage exceeds its maximum voltage rating. however, its 
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Figure 4.8: Power MOSFET Components of RdSo,i [From Ref. 38] 
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Figure 4.9: Maximum Current Density as a Function of Switching Fre¬ 
quency for MOSFETs and Bipolar Transistors Rated at 400 V [From Ref. 
36] 
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Figure 4.10: The Safe Operating Area of Assembled Power MOS and 
Bipolar Transistors [From Ref. 33] 

secondary breakdown is small and incommensurable to that of a BJT. SOA's of a 
MOSFET are energy dependent and determined by thermal considerations only. A 
MOSFET, being a majority carrier device, has a positive temperature coefficient of 
forward resistance, which prevents localized hot-spots by forcing a uniform current 
distribution to occur across the total area of the device. It is a mechanism which 
inhibits thermal runaway. Virtual absence of secondary breakdown during forward 
or reverse bias makes the MOSFET a much more rugged device, giving it a much 
higher peak current carrying capability [Ref. 9:p. 2.44, Ref. 35:p. 95]. [Ref. 43:p. 
125] 

Second breakdown in a BJT refers to the fact that collector voltage is swiftly 
collapsing at the onset of failure [Ref. 46:p. 430). It is characterized by the voltage 


dropping hundreds of volts in a few nanoseconds, accompanied by an increase in 
collector current. BJTs are prone to thermal runaway. Once started, this process 
becomes regenerative, higher current leads to higher temperatures, which in turn 







causes higher current, etc. High peak currents are self destructive. They will pull 
a BJT out of saturation and cause it to overheat. A BJT undergoing secondary 
breakdown will not operate at full current and voltage, regardless of the power 
handling capability of its package. To avoid this condition, its possible SOA of 
voltage and current combinations are limited, especially at higher frequencies. The 
SOA of a BJT is therefore very much inferior to that of a MOSFET. [Ref. 9:p. 5.83, 
Ref. 12:pp. 15, 17, Ref. 33:p. 14, Ref. 45:pp. 131-132] 

To make the sustaining voltage of a BJT equal to the breakdown voltage of 
a power MOSFET, BJT collector region thickness and resistance can be increased. 
But, this change in the device will cause the amount of voltage drop in the on-state 
to increase and degrade its performance. [Ref. 33:p. 218] 
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V. SYNTHESIS OF AN OPTIMUM 
SWITCH-MODE REGULATOR 


A. CURRENT WAVEFORM DESIGN 

Use of this theory, as discussed thus far, would be considered practical if, when 
given a set of simple design specifications, one could quickly describe the resulting 
circuit configuration and current waveform. After completing a few standard calcu¬ 
lations, a judgement could then be made on the trade-offs a particular design would 
offer over another, in an attempt to minimize conduction loss. 

As an example, the process is outlined for the development of the ramp-sine 
current waveform. The basic requirements and restrictions delineated in Table 5.1 
are used to illustrate the characteristics of an input bus to which a dc-dc converter 
could be attached in a satellite. 

Twenty-eight volts is a typical input voltage common to most DoD-sponsored 
unregulated-bus-voltage satellite power systems. A rated voltage of approximately 
14 volts and 14 watts of power at the load output end is selected to emphasize the 
importance of this approach under iow voltage and relatively high current conditions. 
Efficiency is dependent upon output voltage. High efficiency is difficult to obtain 
when either input or output voltages are low, comparable to switching element and 
voltage drops. Higher output voltages (i.e., 28 volts vs. five volts) result in much 
higher overall efficiencies. Electrical currents are not as large, conductor size and 
weight decrease accordingly, and distribution losses decrease in proportion with set 
power level and distance. In addition, semiconductor losses are proportionally less 
and the resultant heat produced is less difficult to dissipate. [Ref. 47:p. 181] 
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To maintain design simplicity and easily view its switch-current waveform, 
only one switching element is allowed. Paralleling semiconductor devices can pose 
a dynamic current sharing problem, due to a mismatch in switching speeds [Ref. 
21:p.63]. Typical state-of-the-art resonant-mode dc-dc converters in production to¬ 
day, which quite commonly operate within the 100~ 300 kHz region, utilize single 
power MOSFETs. The value of 100 kHz is chosen as a maximum operating frequency 
to prevent dominance from transient switching losses. A minimum switching fre¬ 
quency of 20 kHz is established to prevent the switching element from functioning 
in the range of human detectable audio tones. 

Besides knowing the circuit input and output voltage and power requirement, 
which establishes a majority of the buck operating characteristics, a switch on- 
time for the device must be selected. The on-time, in proportion to the switch¬ 
ing frequency, governs the peak current value for each section of the combination 
Buck/ZCS, Quasi-Resonant Buck converter. 

In a Quasi-Resonant dc-dc power converter, the on-time of the device is deter¬ 
mined strictly by the natural frequency of the resonant tank. To achieve an optimum 
efficiency, a constant on-time must be sustained. Proper voltage regulation is main¬ 
tained by altering the duty cycle to vary the switching frequency. 

A fixed amount of switch on-time is important from a standpoint that it sim¬ 
plifies overall circuit design. Knowing this value, in fact, helps determine the amount 
of energy that can be consistently stored within the resonant and buck inductors. 
The design engineer is then better able to realize the size of each component he or 
she must supply to accommodate the most extreme load and line conditions existing 
over a wide range of switching frequencies. 

To discover the maximum value attained by each of the individual ideal current 
waveforms in this type of design, the following assumptions must first be made; 
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TABLE 5.1: DC-DC Converter Baseline Requirements 


OUTPUT SPECIFICATIONS 
Output voltage 14 VDC 

Output power 14 W 

INPUT SPECIFICATIONS 

Input voltage 28 V (unregulated) 

Input voltage range 22~30 V 

GENERAL SPECIFICATIONS 
Switching frequency 20~100 kHz 

Single switching element MOSFET 

Single output 

Simple and minimal control circuitry 
Frequency control of output voltage 


78 








• All phases of the resonant current waveform are considered to be sinusoidal; 
linear or quasi-sinusoidal periods of time Tio and T 32 are ignored. 

• The maximum peak buck current is one and one-half times greater than the 
peak resonant current. 


• The half period of the quasi-resonant current waveform is equivalent to roughly 
52% of switch on-time {x = 0.52). 

• Only the lossless case is considered; the conditions previously stated in Chapter 
III, Section 3B, are upheld. 


To calculate both the peak buck and peak resonant current values, an approx¬ 
imation citing the average current contribution by each waveform is needed. The 
average resonant input current, as viewed by the switch, is represented by 


■2 

/ T\ 

1 





(f). 


(5.1) 


Solving this equation for a given average input current of P,n/Kn [amperes] over a 
period of T [sec] requires a peak buck current of. 


= 1-388/,.„,, (5.2) 

= 1.388 (5.3) 

and a peak resonant current of, 

V. = 0-922A..,, ( 7 ) (5.4) 

= 0.922 D (.5..5) 


The peak resonant current is a critical value which drives the selection of all 
other resonant tank parameters. From Equations 3.38 and 3.48. an expression can 
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be formed for either reactive energy storage element in terms of input voltage, peak 
resonant current, and half resonant period, that being 


and 


Cr = 


V 

^^peak 

^^peak 

V 


/0.52t\ 

(5.6) 

V TT / 

/0.52r\ 

(5.7) 

( , ) 


This, in turn, sets the resonant circuit characteristic frequency and determines the 
average resonant current out, II, as illustrated by Equations 3.40 and 3.57, re¬ 
spectively. Time intervals Tio, 72i, 732 , 7’43, and 7’54, are then easily defined by 
employing Equations 3.37, 3.39, 3.48, 3.52, and 3.53. 

In trying to determine the correct inductor size value in the Buck circuit, a 
quick decision can be made if Equation 3.13 is used. This relationship established 
during the inductor charge interval is written as 


Lb = 00.720 (- 


(5.8) 


'SWavg 


Similarly, the Buck circuit discharge interval, D 2 T, using Equation 3.14 can be 
expressed as 


D2T = t 




(5.9) 


The remaining computations involving the discontinuous time interval and other 
critical parameters, which are an important concern in boundary condition deter¬ 
mination, are prosaic with knowledge of load condition and period, T. 

The power contributed to the load by each section is driven by the apportion¬ 
ment of input current after it passes through the power switching element. Roughly 
speaking, a 2:1 ratio is observed with the Buck circuit supplying approximately 70^^^ 
of the circuit’s raw power. Current through each individual element is elevated in 
inverse proportion to M. 
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B. CONVERTER ARCHITECTURE 


As shown in Figure 5.1, a combination Buck/ZCS, Quasi-Resonant Buck dc-dc 
converter designed to function in its half-wave mode of operation was breadboarded. 
The voltage and current waveforms produced by this dc-dc power converter were 
observed at roughly 20% of full load condition or 11.2 ohms of resistance. System 
input voltage was held constant at 28 volts dc. By design, all boundary conditions 
identified for an open loop configuration in Table 3.1 were rigorously met, without 
exception. 

1. Switching Element 

A BUZ-60 N-channel enhancement mode power transistor was selected as 
the switching element having a drain-to-source resistance value of one ohm. A 10 volt 
peak-to-peak driving pulse, having a pulsewidth of 7.5 /x-seconds with a periodicity 
of 22 ^-seconds, was chosen as the input to the gate drive circuit. A small resistor. 
i?G' was inserted between pin 5 of the pulse transformer and the gate of the power 
MOSFET. This action was necessary to dampen the parasitic ringing oscillations 
which occurred intermittently during switch turn-on and turn-off intervals in time. 

2. Gate Drive Circuit 

A class B output stage, shown in Figure 5.2, was selected as the power 
-MOSFET driving element based primarily upon the switching speed of each indi¬ 
vidual transistor, simplicity, the number of components required to implement the 
device, and a strong need to isolate the switching element from severe parasitic 
ringing incurred by use of the gate drive it.'^elf. The motivation behind this design 
was quite simple, to offer a very practical I.C. controller capable of presenting a 
very fast current sourcing and sinking action to the gate capacitances. Because a 
large current pulse can be drawn out of the gate in either state in a short amount 
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of time, saturation losses become tolerable and conduction losses in the on-state are 
better controlled. The gate drive is isolated from the switching element by incorpo¬ 
rating a pulse transformer. This transformer, having a one-to-one turns ratio, was 
connected in phase providing the necessary isolation from line to the load. The out¬ 
put impedance of the circuit was minimal, lowered through the use of a single NPN 
and PNP complementary symmetry emitter-follower, resulting in a higher switching 
speed. 

3. Nonlinear Elements 

To implement the half-wave mode ZCS, Quasi-Resonant converter, a L- 
type current-mode switch was utilized. A fast recovery diode, Di, having a maxi¬ 
mum reverse recovery time ten times greater than that of the MOSFET device, was 
used to prevent the backflow of energy into the source and to minimize diode peak 
recovery current. 

In the Buck converter section, both freewheeling diodes, and were 
selected as Schottky barr’er diodes, having an instantaneous voltage drop of less 
than three-tenths of a volt for seven-tenths of an ampere of instantaneous forward 
current. Realistically speaking, in either case, the corresponding average forward 
power dissipation represented a maximum power loss of well less than one-quarter 
watt per diode. 

C. MODEL ANALYSIS 

This analysis is offered as a succinct summary to the Buck/ZCS, Quasi- 
Resonant switching con\erter due to previous discussion borne in Chapter 111. The 
resulting behavior of the switch-current waveform is in agrwment with the suppo¬ 
sition, with few exceptions. A complete switching cycle, T, in this combination 
converter is apportioned into six different operating modes. As demonstrated in 
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Figure 5.3, the individual waveforms contained in illustrations within this chapter 
are similar in shape to standard resonant and PWM discontinuous mode converter 
waveforms; however, their combined form, timing, and current values share a special 
predetermined relationship. 

1. MODE I - Inductor-Charging State 

When the power MOSFET is turned on, both diodes, Di and D 3 , become 
forward-biased as a positive current is applied. Energy in both Buck and quasi¬ 
resonant inductors is allowed to build as the ideal diodes behave as a short circuit 
in the forward direction with zero voltage drop. Once again, inductor current is 
not permitted to resonantly charge the resonant capacitor, until the resonant 
current, surpasses the constant current supplied by the very large 

inductor, Lg. As a result of this phenomena, the instantaneous switch current, 
will equal the instantaneous load current, i.e., 

IUi) = h{t) = lLsU) + h. ( 5 - 10 ) 

where 

as long aa the switch remains closed. 

2. MODE II - Resonant/Buck Inductor-Charging State 

This mode marks the beginning of the resonant charging cycle in the 
quasi-resonant converter half-circuit as diode, D 21 is commutated off. As demon¬ 
strated in Figure 5.4, no change occurs in the anticipated physical appearance of 
the Buck converter individual waveform. The total instantaneous switch current be¬ 
comes non-linear at this point. The total instantaneous switch current put through 
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Figure 5.3: Six Modes of a Buck/ZCS, Quasi-Resonant Buck DC-DC 
Converter 


86 


Modem Mode VI 










Figure 5.4: Buck Inductor Charging Current Waveform, T = 22x10"® [sec], 
Rload = 11-2 [fl]. Top waveform: Gate Drive Pulse (10 Volts/div), Bottom 
waveform: /lb( 0 (1 amp/div) 


the switch is 

= /lb( 0 + "7== [sin wt] + /z,„ . (5.12) 

]J(k) 

As the opportunity presents itself, the resonant inductor first, and then 
the resonant capacitor, both charge to their maximum value during this time inter¬ 
val. As depicted in Figure 5.4, the peak resonant current reached is 1.4 amperes. 
Likewise, the resonant capacitor attains a peak value of 51 volts, which is nearly 
equivalent to 2V in measure. When IiriO equals Iiji) again, Cr discharges its 
reservoir of energy into the load. 












Figure 5.5: Resonant Waveforms, T = 22 x 10“® [sec], Rio ad = 11-2 [H], Top 
Waveform: Vcr (20 Volts/div); Bottom Waveform: li^ (1 amp/div) 

3. MODE III - Resonant Capacitor-Discharging/Buck Inductor- 
Charging State 

This mode reveals, that as soon as diode D\ terminates resonant inductor 
current flow, both the resonant capacitive voltage waveform, as well as the switch 
current waveform, become linear in nature. The switch current is equal to buck 
current. This action, as it prevents negative current oscillations, permits an easy 
calculation to be completed using the graph in Figure 5.5(b) to determine the average 
resonant current out, Ii^, using Equation 3.49. The average resonant current out. 
over period T. results in being equivalent to 0.300 amperes. 








4. MODE rV - Resonant-Freewheeling/Buck Inductor-Charging 

State 

After all resonant capacitive energy is expended, the total instantaneous 
switch current remains a simple function of the buck inductor charging current 
alone. The portion of the instantaneous switch current developed throughout the 
inductor-charging state of the Buck circuit is stipulated by Equation 3.13 for Modes 
I, II, and III alike. The resonant-freewheeling/Buck Inductor-Charging State lasts 
until turn-off of the power MOSFET at time T^. 

5. MODE V - Resonant Freewheeling/Buck Discharge-State 

At time T, as predetermined, the power MOSFET is switched off by the 
gate drive. Diode D 4 is commutated on as the buck inductor. Lb-, reverses its 
field polarity. The instantaneous current waveform, as viewed by the semiconductor 
switch up to time Ts, is shown in Figure 5.6. The absolute maximum peak current 
observed, which must be handled by the majority carrier switching device at turn¬ 
off is 2.05 amps. The computed average current contribution, using Equation 3.11. 
given by the buck inductor current waveform in Figure 5.7 to the load i 0.769 
amperes. 

Mode V is distinguished from other modes of operation by the placement 
of an additional diode, prior to the buck inductor to guarantee proper converter 
operation. Without its presence, any discharge of energy from Lq ox Lb into the 
resonant tank would prematurely permit the charging of the resonant circuit and 
disrupt the requisite converter state waveshaping function. 

6. MODE VI - Resonant-Freewheeling/Buck Discontinuous State 

Mode VI. the final mode, is identical to the ZCS. Quasi-Resonant Buck 

converter freewheeling stage discussed in Chapter III. Section B, Subsection 3, This 
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Figure 5.6: Drain-to-Source-Current Waveform, T = 22 x 10“*^ [sec] 
^LOAD = 11-2 [f2], Top Waveform: Gate Drive Pulse (10 Volts/div), Bot 
tom Waveform: Ids (1 amp/div) 
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mode is characterized by the magnitude of inductor, Lo, and length of interval D 3 T. 
The magnitude of D 3 T is a direct function of: 

D,T ~ f (fi, r, i, i) (5.13) 

D. CONDUCTION LOSS MODEL - SUMMARY 

Overall, after viewing Figures 5.4 and 5.5, the ratio of peak buck to peak 
resonant current matches up quite well with proposed theoretical values, showing 
a difference of less than 3%. Despite a loss in output power of 1.85 watts, this 
non-ideal converter as illustrated in Figure 5.8 is still able to provide to the load 
1.07 amperes of output current. Having achieved this necessary agreement in peak 
current value for both quasi-resonant and buck current waveforms permits use of 
Equation Al.l to estimate conduction loss. 

The rms current squared during MOSFET switch on-time is closely approxi¬ 
mated using Equation A 1.2, time intervals Tio and T 32 occupy less than 10% of the 
quasi-resonant current waveform half period. A value of 0.803 milli-watts is dissi¬ 
pated in power as a result if the BUZ-60 device having to transfer one-half ampere 
of input current through one ohm of resistance. 

At this point, a good comparison can be made between conduction loss and 
all other dissipative losses occurring during this same time period. The motive here 
is to understand the huge burden conduction los placess on circuit efficiency under 
this loading condition. To assimilate the difference in magnitude of switching loss 
requires the assistance of Equation 4.5. 

Pswon — (5.14) 

Using a maximum output capacitance of 180 pf, as noted on the product summary 
sheet, and adding an additional 5 pf to compensate for stray capacitance yields a 
loss of 3.39 milli-watts. 
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Figure 5.7: Buck Inductor Charging/Discharging Current Waveform, 
r = 22 X 10-®[sec], Rload = 11-2 [fi], Top waveform: Gate Drive Pulse 
(10 Volts/div), Bottom waveform: (1 amp/div) 
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Figure 5.8: Current Waveform Through the Load Resistor, 

T = 22 X 10“®[sec], Rio ad = 11.2 [Q], Top waveform: Gate Drive Pulse 
(10 Volts/div), Bottom waveform: Iiit) (1 amp/div) 
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The other loss which can be accounted for is the power loss due to drain-to- 
source leakage. This loss is also small, causing 74 milli-watts of power loss from four 
milli-amperes of leakage current. 

Therefore, as expressed before, under a high current, low voltage condition, 
such as in a satellite: 

Pcond > P,u> + Pl (5.15) 

Using this finding, it can be stated that if a rarnp-sine waveform is subject to a 
conduction loss of 0.808 watts, then a ramp waveform in its self will support an 
even greater amount of dissipation of 0.958 watts. Furthermore, a ramp-sine-sine 
current waveform under the tradeoff of additional circuitry would cause this loss to 
decline even further in value to approximately 0.720 watts of power. 
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VI. CONCLUSION 


The high cost of placing a satellite into orbit has imposed severe constraints 
upon the entire power system design philosophy. The desirable effects produced 
from reduced cost, less power loss, and size and weight limitations are now a con¬ 
stant theme in any effort to produce effective power conversion equipment. An 
efficient power switching technique, as proven in this research, is definitely the most 
successful method in meeting the substantial demand for increaised power system 
density today. 

To alleviate power dissipation losses in a dc-dc converter, the concept of cur¬ 
rent waveform waveshaping was introduced and implemented for power processing 
circuits. Using a quasi-Newton numerical technique, an analysis was performed to 
identify the physical relationship existing between the peak currents of various com¬ 
bined current waveforms. Theoretically, the ramp-sine-sine relationship produced 
the current waveform with the lowest overall conduction power loss. 

To enhance the understanding of fundamental principles underlying the cir¬ 
cuit operation of different elementary current waveforms, a complete dc analysis 
was presented on two non-dissipative power systems. Imperative to this study was 
the ability to develop and comprehend the proper current and voltage relationships 
which correctly define the condition of resonance and discontinuous conduction mode 
of converter operation. Also, in a summary, a comparison between the MOSFET 
and the BJT switching elements was made. The basic static and transient switch¬ 
ing properties of each transistor were investigated to identify the strong and weak 
points of each semi-conductor switch. In most cases, it was obvious that the ca¬ 
pabilities offered by a majority-carrier device w'ere far superior to advantages of a 
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BJT. The detrimental power losses facing each device, especially MOSFET-plaguing 
conduction loss, were carefully scrutinized. 

The simplest and perhaps the most widely used variety of switch-mode reg¬ 
ulator was then breadboarded to prove the feasibility of this study. A step-down 
45 kHz, 14 volt, 14 watt, Buck/ZCS, Quasi-Resonant Buck dc-dc converter using 
a BUZ-60 power MOSFET provided results which were consistent with the theory 
proposed. It established a basis that this design concept is applicable to a variety of 
conventional converters in two ways. First, it proved that the goal of producing any 
of the displayed waveforms illustrated in Figures A.3 through A.6 is possible using 
existing technology. Secondly, it demonstrated that the resonant switch concept can 
be applied to a host of other basic switcher designs operating in their discontinuous 
conduction mode as well. 

Development of a MOSFET power converter for use at low voltage and high 
current levels has been liniited because other semiconductor devices functioning in 
the frequency domain from 20 ~ 100 kHz operate more efficiently. Thus, unfortu¬ 
nately. techniques in this area have not yet been given the opportunity to achieve 
their full development. However, as proven in this research, prospects exist for the 
maturation of a more highly efficient dc-dc converter by using certain circuit devices 
and physical waveshaping techniques. The highlights and merits of using the design 
process disclosed in this thesis are: 

• An increase in power conversion frequency above the 20 kHz frequency plane 
w’ith a growth in power system density and a depreciation in conduction loss. 

• Improved design flexibility without adding significantly to the current stress 
wliich occurs in the power switch. 
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• Implementation of a half-wave mode, ZCS, series-resonant, L-type, switch 
topology to preserve energy that which would otherwise be dissipated in con¬ 
duction loss through the anti-parallel diode under different load conditions in 
a full-wave mode type of quasi-resonant converter. 

• Natural commutation of quasi-sinusoidal component current waveforms. 

• Added energy conservation and space saving in a dc-dc converter because of 
its small size, light weight, and improved performance efficiency. 

The comparative dc analysis of the operation of the Buck/ZCS, Quasi-Resonant 
Buck converter functioning in its discontinuous inductor current mode of operation 
is now complete. The performance of an experimental circuit built in the lab has 
verified the author's intuitive prediction concerning the relationship between con¬ 
duction voltage drop and the shape of the current waveform passing through the 
switching element. It is thought that the simplicit}' behind this development and 
the insight it provides should make waveshaping a helpful tool to limit conduction 
power loss in future dc-dc converter analysis. 
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APPENDIX A: IMSL ROUTINE ZXMIN 


A.l PROGRAM SOFTWARE 

The IMSL routine ZXMIN, contained within the enclosed FORTRAN pro¬ 
gram, which Section A-II, is used to predict the theoretical outcome of minimum 
average power to a combination of proposed waveforms. Items required to initiate 
this program are: 

1. FUNCT, a user-supplied subroutine used to calculate the function F, which 

in this case, is the power minimization of waveforms. 

2. A'^, a vector of length containing parameter values. 

3. A', the number of variables or parameter estimates contained within F. 

4. NSIG, the convergence criterion governing the degree of accuracy required in 
parameter estimates. 

Given N initial parameter estimates supplied by the user of the FORTRAN 
program and the information above (including all other less significant arguments 
required by the calling sequence as well), the subroutine ZXMIN is called. ZXMIN 
uses subroutine FUNCT to first calculate F. 

The function F is dependent upon the vector X for N different parameter 
estimates. The function F is found by first solving Equation 2.3 for each current 
waveform combination, and then determining the absolute value of one minus the 
average power dissipated, P, in the switch. Table A.l gives the solutions to Equa¬ 
tions 2.2 and 2.3 for each of the six waveforms analyzed. When P is computed for 
any current waveform, two assumptions are made. For each case concerned: (1) the 
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time, Tj, given for the longest duration single element waveform is always assumed 
to be equal to one; and (2) to lessen the number of independent values contained 
within F, one of the parameter values i(l), ar(2), x{N) is always solved for 
Q equal to one in terms of the other remaining parameter values. These initial 
conditions simplify each expression and reduce the number of calculations involved. 
The convergence criterion required for the final iteration of F is specified to four 
significant digits. 

Solutions for F were not necessarily determined to be unique. Also, due to 
the nature of the algorithm, as was in the case of the sine-sine-sine waveform, exact 
convergence of F was not achieved. Iterations were terminated due to rounding 
errors, or final parameter values resulted in negative values of x{N). Therefore, the 
setting of initial conditions each time by the operator was influential in obtaining 
final results. 

Figures A.l through A.6 illustrate graphically the optimum power minimum 
for each current waveform combination examined. Given in each graph are the values 
of switch-on time, t, versus current as a function of time, t(f), for each individual 
current element waveform and their sum as well. It is important to note that, as the 
average power dissipated in the switching cycle decreases, the peak current of the 
combination is also reduced. The ramp-sine-sine waveform is proven to be the most 
efficient process. Table A.2 summarizes the results obtained for the overall analysis. 
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Table A.2: Waveform Results 


WAVEFORM 

Ip 

P 

Q 

% REDUCTION 
RAMP 

Ramp 

2.000 

1.333 

1.0 

0.00 

Sine 

1.571 

1.234 

1.0 

7.43 

Sine-Sine 

1.395 

1.147 

1.0 

13.95 

Ramp-Sine 

1.388 

1.086 

1.0 

18.60 

Sine-Sine-Sine 

1.372 

1.302 

1.0 

2.33 

Ramp-Sine-Sine 

1.171 

1.001 

1.0 

24.90 











RAMP POWER MINIMUM 



IPEAK=2.0 PMIN=1.333 Q=1.0 


Figure A.l; Ramp Current Waveform 
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SINE POWER MINIMUM 



IPEAK=1.571 PMIN=1.2337 Q=1.0 


Figure A.2; Sine Current Waveform 
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CURRENT OUTPUT SUM (AMPS) 


SINE-SINE POWER MINIMUM 



Figure A.3: Sine-Sine Current Waveform 
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CURRENT OUTPUT SUM (AMPS) 


RAMP-SINE POWER MINIMUM 



Figure A.4: Ramp-Sine Current Waveform 
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CURRENT OUTPUT SUM (AMPS) 


SINE-SINE-SINE POWER MINIMUM 



TAU=.173 .375 I=.61 1.371 .25 


Figure A.5: Sine-Sine-Sine Current Waveform 
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CURRENT OUTPUT SUM (AMPS) 


RAMP-SINE-SINE POWER MINIMUM 


CO 



TAU=1,1. .314 I=.669 .884 .662 


Figure A.6; Ramp-Sine-Sine Current Waveform 
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A.2 RAMP-SINE CURRENT WAVEFORM NUMERICAL RESULTS 

This section contains the FORTRAN program to calculate the power mini¬ 
mization of different elementary waveforms. As configured, it is set up to determine 
the minimum power and peak current for the Ramp-Sine waveform. The subsequent 
table of numbers which follow' are the result of the analysis performed and graphed 
in Figure A.4. 


lOS 






o o o o o o c) r* c) o o ti (') n o o o o t > c) o o o c'i o o ri o n o o o o o o o o o 


AMPOOOIO 


CSSNOEXT 


VfVr .VV.“Vr:'.*7VTVVr'VVf;VVf^ft>yryf:'f>VVr^VVf^VVpVfTV?>VfV.'rrTT-;>:'fT*rV<'rt‘V/'»V?^*'i’Vf?V*'r 

* POWER MINIMIZATION OF CURRENT WAVEFORMS 
DOUGLAS P. MIDLER 
23 NOV 83 

VrVfVrVr’frVfjViVVrVfyc-.T^VVr'jVVf'VVfVffrinrVfVriiVyrw.trrVryrVr^ViVVr-VVfyf^VfTV 


THIS SIMPLE FORTRAN PROGRAM IS DESIGNED TO 
DETERMINE THE TriEOKETICAL MINTMCM AVERAGE POWER 
DISSIPATED BY A POWER MOSFET OVER ONE SWITCHING 
CYCLE. THE AVERAGE AMOUNT CF CHARGE TRANSFERRED 
DCRING SWITCH ON-TIME, THE SWITCHING ELEMENT ON- 
.RESIST.A.NCE, AND SWITCHING PERIOD ARE ALL NORMALIZED 
TO EQUAL A VALLE CF O.NE. 


*Vf.':-.>*-.f-.!*-.v*-.v*vARIABLE LISTING*’'’'****'"-’"'****'"'****** 


F= SCALAR VALLE OF MINIMIZED FUNCTION AT FINAL 
PARAMETER ESTIMATES. 

FL'NCT= A USER SUEPLIED SUBROUTINE WHICH CALCULATES 
THE FUNCTION F FOR GIVEN PARAMETER VALUES 

XCD, XCl . X(NI. 

THE CALLING MATRIX HAS THE FORM 
C AL.I X UN... i IN,, X). 


VECTOR OF LENGTH N CCNTAINTNG ON OUTPUT AN 
ESTIMxATE OF THE GRADIENT DF/DXCI), 1 = 1,.. N 
AT FINAL PARAMETER ESTIM.ATES. 


VECTOR OF LENGTH N*''N-:)/2 CONTAINING AN 
ESTIMATE CF THE HESSIAN MATRIX 

D’'’'-:f;(DX':i)dx;j)), i,c=i,. . .n. 

CN INPUT IF: 

:o.=7=:.:.c.R 2 z.xmin initializes h. 

::?T=i USER initializes the setcing of h. 

K IS .NCT POSITIVE DEPINITE A TERMINAL ERROR 
OCCURS. 

ON OUTPUT CONTAINS ESTIMATE CF HESSIAN MATRIX 
USir.'G FINAL P.A.RAMETER VALUES. 


AMP00020 
AMPCC030 
AMPCOOAO 
A.MP00D5D 
AMP00C60 
AMPOOOIO 
AMPOOCSO 
AMP00090 
A.MPOOlOO 
A.MPOOllO 
AMP00120 
AMP0C120 
A.MPOCl-0 
AMPOCISO 
AMPOG160 
AMP0C170 
A.MFOOISO 
A';?c:i9 0 
AMPOOZjl 
AMPOOZiO 
AMP0C220 
AMP00230 
AMP002L0 
AMPC025C 
AM.PCC:60 
AMPCOZ”. 
AM.FCOZSC 
A,MFQ029 D 
AMPOC3CO 
A.MPC0310 
A.'iPOCC’ZO 
AMP00222 
AMPOCSWO 
AM.^0035 0 
AMP00360 
AMP0C3TC 
AMPOOISC 
AMPOCMO 
AMPOG-CO 
AMP03A10 
am?oc-:g 

AM? low 3 0 

AMP0CL..0 



OUTPUT ERROR PARxAMETER. 

IER=0 CONVERGENCE ACHIE'.ED NO ERRORS. 

IER=129 INITI.AL HESSIAN .MATRIX USED BY ZXMIN 


IS NCT POSITIVE DEFINITE, EVEN AFTER 
TRYING TO ILARE ALL DIAGONAL ELE.MENTS 
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of^ocic^o ooo oo (') no noon o on ooooo 


c 

c 


IER=131 PROGRAM TERMINATED EECAL’SE KAXPN 
EXCEEDED. 

I0PT= OPTIONS SELECTOR, ON INPUT: 

I0PT=0 CAUSES ZXMIN TO INITIALIZE THE HESSIAN 
MATRIX K TO THE IDENTITY MAT.-.IX. 

I0PT=1 INDICATES USER HAS INITIALIZED H AS A 
POSITIVE DEFINITE MATRIX. 


MAXFN= MAXIMUM NUMBER OF CALLS TO SUBROUTINE 
FUNCT ALLOWED. 

N= THE NUMBER OF PARAMETER VALUES. 


NSIG= THE NUMBER OF DIGITS OF ACCURACY REQUIRED IN 
THE PAP^i_METER ESTIMATES. THIS VALUE GOVERNS 
THE CONVERGENCE CRITERION FOR TWO SUCCESSIVE 
ITERATIONS OF F. 

P= THE A\'ERA3E POWER DISSIPATED BY THE POWER 
MOSFET IN O.NE SWITCHI.NG CYCLE. 

PI= NUMERICAL CCNSTA.ST OF PI RADIANS. 

Q= t:-:e average amount of charge transferred by 

THE POWER .MOSFET DURING SWITCH ON-TIME. 

X= VTCTOR OF LENGTH N CONTAINING: ON INPUT THE 

INITIAL PARA,METER ESTIMATES AND ON OUTPUT THE 
FIN.AL PARA-METER VALUES AS CALCULATED BY ZXMIN. 

W= A VECTOR OF LENGTH 3*N nS A W0.-u;iN3 S.'A.CE. 

O.N O^TPvi, /.j."*:. , -o.NiA-Ito FOR 
1 = 1, N0"M "T r.-.E GRADIE.NT 

1=2. N>...cER OF FUNCTION CALCUL.ATIONS REQUIRED 
1 = 2, ESTIM.ATE CF THE NUMBER CF SIGNIFICA.ST 




ARR.AY SIZ 


FUNCTION OF 



AMP00370 
A.MP0C5 80 
AMP0C390 
A.MP0C600 
AMP00610 
AMP0062C 
A.MP00630 
AMP006-0 
AMP00650 
AMP00660 
AMPOOe'O 
AMP00680 
AMFC0690 
AMPOCTOO 
AMP00710 
AMP00720 
AMP00730 
AMP007A0 
AMP3C752 
AMP00760 
AMP00770 
AMPOC's3 
AMP00790 
A.MP00602 
AMPOCSiO 
A.MPC0S2C 
AMPCC'SIO 
AMPOOS'.O 
AMP00550 
A.MFOCSf:' 
A.MPOOS7C 
AM.^OOScO 
A.MF0C8SC 
A.M.= 029Z: 
A.M?'C09:: 

.A''!r2C937 




N=i 
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N'SIG=4 

PI= 3.141592654 


c 

INITIAL PARAMETER ESTIM, 

ATES 

c 

X(1)=TAU1 1.0 =TAU2 

X(4)=TAU3 

c 

X(;)=IMAX1 XO)=IILAX2 

X(5)=IMAX3 


XII)= C.53456'SS 

Xf22= 0.93459999 

X( 3)= 1.38456769 


c 

X(4)= 0. 375 


c 

X(5)= &, 250 



CALL 2XM:N(FUNCT,N,NSIG 

, .MAXFN. I OFT, X. K, G, F . W , IER ) 


C COMPITE AVERAGE AMOUNT OF CHARGE AND MINIMUM POWER 

C DISSIPATED ET SWITCHING ELEMENT OVER PERIOD T FOR EACH 

c TYPE OF cuf.pj;n~ WAVEFO.-U'. 

* SINE waveform 

c Q=:. c/pi'nxcu'-^xc)) 

C P=.5"X(1)*X(:)'>*2.0 

V.'iVVrVfVfv 


AMP0I130 
AMP01140 
AMP01150 
AMP01160 
AMP01170 
AMP01180 
AMP0U90 
AMP01200 
AMP01210 
AMPC1220 
AMP0I230 
A.'fPO:240 
AMP01250 
AMP0:26O 
AMPCI2TO 
AMPCI25Q 
AMPOIDPI’ 
AMP01300 
AMRO 1312 
AM?:13:: 

amp: 133 3 

AM?:::-: 



c 

c 


RAM? WAVEFORM 
Q=.5*x(:)^-x(;) 
P=X(I]/2. 0*X’,:)»*2 0 


S:NE-SINE waveform 
Q= (2. c/Pi)”(vi iv>vr2i ~ 

F= ( (.5'TX(IU^X(:;-T.G - 

cs:n'pi*v(i))) ! (?IV<1.0-V(1)-.-:. 




?= ( D) ^ ((Xi3^-'-T.O}/3.C' - U 2 . CT:: 2 ' 

cx(3)-x(i)-t.c)/f:))) 



P.AMP-SINE-SINE WAVEFORM 

c Q=:. - x(4)*x(5)) ^ ,5*x-3i 

c ?= ^ C(.5''-x(n*v(2)v^ic.o) + (i.:/3.c*x(:'^^^:.c) +(,5’'’Xi4) 

c C'TiTjTc.O') - (siN(Pi-x(n/Xf4j-)*(4.o'’Xt;’)''-x;5)'''X(iMT:(4'''--:.:)/ 

c c - va)«* 2 .o))) + u-C'/?:-\XvD)’'X(:3)«x(i;--;. c - 

C CX(j)-X 5I-X(4 :p--2. D)))) 


c 



•*■ X'3} - X'-VN'O’ 
-r x; o - x( 


L 1V. 




’ r 11 



11] 





o O O o o o 


Ci. 0/PI’>(SIN(PI’'‘-X(I)/X(4))*(Xf 2)*X(5)----X(l)*X(i)’>’>2. 0)/rxr4)’>'>;. 0 

c- x(:)-->-:.o} + siN-(Pi*x(i).v-x(:)-v(3)*>:(i)/(i. 0 - x(io) + 

CSIN(PI----XCi) )'>X(5)^-'X( 3)’>X(4)/C i. 0-X(4)*-2. 0)))) 


AMP01690 

AMP01700 

AMPC1710 

AMP01720 


PRINT ZXMIN PINAL 

PARAMETER ESTI.MATES A.ND RESCLTI.NG VALUES 

A.MP 017 30 
AMP 017 i 0 
A.MP 01750 

CP lER, 

Q, P. AND 

F. 

A.MP 01760 

PRI.NT 

'IER=' , lER 

A.MP 01770 

AMP 017&0 

PRINT 

x(n=-. 

X(l) 

AMP 01790 

PRINT * 

'X( 2 )=’ , 

X( 2 ) 

A.MP 0 I 80 Q 

PRINT 

'X( 3 )='. 

X( 3 ) 

AMPOIEIO 

F.RINT 

'X( 4 ) = ’ . 

XIA) 

AMP 01 S 20 

PRINT * 

'X( 5 ) = ’ , 

X( 5 ) 

A.MP 01830 

PRINT 

'Q='.Q 


AMP 018 A 0 

AMP 01850 

PRINT 

' c-' " 


AMP 01860 

PRINT * 

, P 


AMP 01 S 70 

GRAPH .NL 

MERICAL RE 

SULTS 

AMP 01 S 80 

AMP 01890 

A.MP 0 I 9 C 0 

CALL S (1 

. 0 ,X( 2 )) 


AMPC 1910 

AM? 019:0 

CALL T (1 

. O.XIL)! 


AMP 0 I 930 

CALL SS( 

XCl) , 1 - C .R 

C 2 ),X( 3 )) 

AMP 019 A 0 

CAuu T 5 C 


( 2 ).X( 3 )) 

AMP 0195 C 

CALL TSS(X(l),l- 0 , 

X; 2 ),Xf 3 ),X(A),X( 5 )) 

AMP 01960 


CA1,2 SSS(X( 1),:. C,X( 2) ,XC 3),X( A),X( 5)) 
ST3? 


s'JEr-.ovTis'P ri'NCT': n,P) 

vppk svppxiep s'jbkci'tixe calculates the v.tnixd; 

CP PUNCTCOS P PGK XC), 1 = 1,... N GIVEN P;\RMETEE ESTIMATES. 
USEE MUST SELECT AEPROPIATE V.AVEr:.E.M CC.N'BIN.ATIO.N PP.IG.E TO 

POWER MINIMIZ.A7ICN OP WAVE POEMS *** 

\AE-.Ar*j:^ LISTING 

P= SCALAR VALUE C? MINIMIZED PUNCTIC.N AT PINAL 
PARAMETER ESTIMATES. 

N= THE NUMBER OP PARAMETER VALUES. 

X= VECTOR cr LENGTH N CO.NTAINING: ON I.VPUT THE 

INITIAL PAE.AMETR EST.M.ATES AND CN OUTPUT THE 
PINAL P.AR.AMETEF. VALUES AS CALCUL.ATEO BY L.'.IN. 

X'1)=TAU1 v(2;i = ;^MVl 


AMPOISIO 

AMP015S0 

AMP0199CI 

AMPCCOCO 

AMFO:OIO 

AM?c;osc 

A!!P02j?0 

A.M.'ICIIC 

amP'CIIb; 
AMPCCIUO 
A.'iPOC 150 
AMP02I60 
AMPC2:70 
AMPCCieO 
A.MPCCIS: 
A.':?02:oo 
AM?G2:;r. 
a:;?::;:c 
a;:,2o--o. 
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;• O O :: O O O o o o 


>;(3)=IMAX2 
XCi)=TAU3 X(5)=IMAX3 


INTIGIR N 
RIAL XfNJ.F.Q.P 
r.-AL ?i 

?:= 3.1A159-65- 


SINI VAVI 

X( l) = i. 0 

X(2) = .5’>ri/X(l) 

F=AES(1.0 - C.5*X(1)*XC2)**2.0)) 


RAMP VAVIFORM 
X(i) = 1.0 

x( 2 )=;. o/x( I) 

F=A3S(1.0 - (X(l)/3. 0*XC2)-*2.0)) 


SINT-SINI WAVEFORM 
XU -' 2 . c - x(3))/xr2) 

F=ABS(1.0- (.5*(X(lV>X(2)’"'-2.0 + X(3)**2.0) + ( 2. 0”X( 2)*X( 3)* 

c3iN(?i---xro)) / (p:*(i.o-x(i)'--* 2 .o)))) 


AMP02250 

AMP02260 

AMP02270 

AMP022S0 

AMP02290 

AMP02300 

AMP02310 

AMP02320 

AMP02330 

A.MP023-;0 

AMPC2350 

AMP92360 

AMP02370 

AMP02350 

AMP02390 

amfc:aoo 

A.MP0241G 

A.MP02-:0 

AMP02A30 

AM?02AiO 

AMP02A5C 

AMP02A60 

AMP02A70 


RAMP-SIXE WAVEFORM 
X(1)=.5*?I/X(2)--h:.0 - .5'>X(3)) 

F=A2S,':, C-(r.5-Xtl)'-X(2)*’^:.0) + ((X(3)**2. 0)/3. O) - ((2.c*x: 
CA(3)”Xtl}-''-2. 0)/PI))) 


RAM? - S:NE-S:NE WAVEFCRM 
x; 2'! = . t69 
X( 5 ; = . 6c; Ic 
X; i) = 1 ■ 3 

x; 3;=i. c-'M0 - 2. c/?i'-'(X( ii^x^.E) S;)) 

?=AEs;i.o'- ((. 5--x( i‘'>-x':v^^”2.0) - (;. 0 / 2 . c-^xce)**:. o + (.5’ 
c-x; ; :■} - (Si ;.'(?:■■/:( i)/X' a))''(a. C'-x. 2)*x; 5)’-X(:)--Xf-)--*2. 

Q=ABSn'c (2. 0/?:'-;xh)’^'X(2) + X(4)’'X(5)) ^ .5-X(3))) 


X( 1)’''AM?02A50 
AM?02A90 
AM?C:5C0 
AMP02510 
AMP02320 
A.MPC23 3 5 
2^* AMP025A0 
AMP025SC 
AM?C25f 3 
AMPC2570 
AMF025S0 
AMPC259D 
AMPCloOO 


■;(i) AM?3:6:: 
;)/ AMr:26AC 

- ampeicf; 

AM?C26r; 
A’'!?C 26'3 


SINE-SINE-SINE WAVEFORM 
X' I ^ABS'X' 2^ 

Xt2)=Ais(X: 2)) 

X -)=ABS(XCA;j 
v(5)=ABS. XC3)) 

IF(X(I). 27. 1. DI)GO 70 i2 

^ j. I, 0 

IP'R:'-). 27. 1. 01)GO TO A- 
Xi a; = 1, 0 

x;3}=. 3-Fi - x;:)'>xi 2 ) - v-)vx(5) 

X( 3j=ABS^X;3 ') 


AMPClcRI 


AM?;2‘2: 


AMRI^cC 

Ai'.r c 2 ~ 71 

A:;r;2's: 

AM?::'^: 

- v; C'.' - C - ■ 


11:3 








oooo oooo 


Xf 3:1 = 1 . 35 
X(i)=.400 
X(5)=. 30 

X(1)=(.5''FI - X(4)«X(5) - X(3))/X(2) 


7=ABSCl.O - (. 5*(X(1)’^X(2')*’'3. 0 + X(3)**2.0 + X(4)*XC5)’”-^2. 0) + 
C4. 0/PI----( SINK PI*X(1)/X( 4) )-■>(>;( 2)*X(5)*X( 1)*X( 4)--:. 0)/(X(4)v-.v2. 0 
C- X(n'>=2.0) + SIN(PI=''X(1))=-X(2)*X(3)*X(1)/(1. 0 - X( 1 )=---2. 0) + 
CSIN(PI''X(4)3*X(5)=X(3)”X(4)/(1. 0-X(4)**2. 0)))) 

C r= ArSCl.O - ((2.0/PI)*((X(l)-->X(2)) + X(3) + X(4)*X(5)))) 

C F=Q-P 


PRi.NT *. 'r’:BP=',p 

RITl'RN 

£.ND 

VTVrVTV.-Vf)>'.>VrVr*.*TVr*Vriy*.ViVi>VrVrVtVrVf^V?^Vf.nViV*VTVri%-VriViViV*Vr*VTWT*.VVrjT'Vf»>»ViV*iV*>ViV*ifr)V:V)V*>>5V9Viyiy'.>*-VVr*»VVr* 


A.NPOOSIO 
A;iP02£2C 
AMP0;530 
A.NP02640 
A.MP02650 
A.MP02860 
AXPOSBPO 
A.NP028S0 
A.XP02S90 
AMP0290C 
A.X?C29i0 
A.NP02920 
AMP02930 
A:1PC2940 
A\'P029 50 
A.N?229eO 
AXPC29 70 
ANP02980 
ANF02990 
AXP03000 
a;-;?c30io 


y.*;yiy!y5y'.>Vrv.*:>vrV.".y-,yiyVfVryr-.y:yvcVfiy*;rVr'yv;yyyyVf!T'.y-.yvrVfVrVrTrVny*-.yvr*Vf-;TVr';yVfyfTryyVfVrVtiyyyyriy->yvfVfVriV-vVfiyyi 


S’JPROOTI.N'R S(TAUl, I l.XAX) 

THIS SUBROUTINE PLOTS TrS KALP PERIOD OP A SINUSOID. 
**’■'** VARIABLE LISTING 

I1(J')= VALUE OF CURRENT AS A FUNCTION OF TIME. 
I1.M.AX= MAXIMUM CUR.RENT AMPLITUDE CF SINUSOID. 

J= NUMBER OF POINTS PLOTTED. 

T.AU(0^= ABSCISSA VALUE CF SWITCH ON-TIME. 

TAU:= HALF PERIOD CF SINUSOID OR SWITCH ON-TIME 
Tl= FULL PEP.TDD OF SINUSCilD. 


IirOEGER T 

REAL ~iU" UMAX 

REAL T1.ill ICO),TAU' 100),PI 















AMP03370 



SUBROUTINE T(TAUl,I UMAX) 

AMF033S0 

>v 

THIS SUBROUTINE PLOTS HALF PERIOD OF A RA.MP FUNCTION. 

A.MP03 3SO 
A.MP05400 


VARIABLE LISTING 

AMP03UiC 

A.MP03U2C 

V 

ri(J)= VALUE OF CUKSE.VT AS A FUNCTION OF TI.ME. 

AMP03i30 

Vf 

I1MAX= MAXIMUM CURRENT AMPLITUDE OF RAMP. 

AMP02C-.0 

*.> 

J= NUMBER OF POI.NTS PLOTTED. 

AMPC3-5G 

5> 

TAU(J)= ABSCISSA VALUE OF SWITCH ON-TIME. 

AMP03i60 


TAU1= DURATION OF SWITCH ON-TIME. 

AM?C 3^.70 
AMPCSiSO 


INTEGER J 

AMP03i90 


REAL TAUT,I1^LA^: 

AMP03300 


RE.AL 11(100),TAUClOO),PI 

AMP03310 


OPEN (UNIT=3, FILE='RAM?', STArUS='NEW') 

AMP03 3 2 0 

a::pc2550 


FI= 3. lA139265i 

AMP033-: 


DO 10 0=1,100 

A.MPOJ'S: 


TAU(J)=J/10C. 00 

AMP0356; 


IUJ) = f IIMAX/TAIT) * TAU(J) 

AMP0357C 


writ£(3,:oo)taucu),i:(J) 

A.MPC3;6D 

222 

FORMATC ' .76. 3,3X,F10. 7) 

A!-TC3590 

Ay.PCsco: 

10 

CO.NTI.NUE 

AMPC3e:c 



AMPC3622 


END 

A.‘'!?C26 3 2 


AMPOio-O 

A''.P33 6T ; 


SVrPCl’TIS'I SSTTAVl. 




SI 


DS an: th::?. 


,v,-,>vr,r VAHIASIE LISTING 



valvi op cl'pp.in'T as a rv'.'CTicN c: 

VALTE or COKPENT AS A PLNCTICN C, 
SwI' op Il(^) ANj 12 'J) as a PUNC 
NAXINUN CURRENT ANPLITULE OP SIX: 
XAXIXUX CURRENT AMPLITUPE OP SIN' 
NUNEER CP POINTS PLOTTED. 
ABSCISSA VALUE CP SUTTC.R CN-TI.XE 
KALP PERIOD CP SINUSOID. 

du?j>t:cn op switch on-time. 

PULL Fi.RICO CP SI.NUSCIC T.AUI. 
PULL PERIOD OP SIN'USOID T.AUC. 
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Tl=2.0 * TAUl 
T:=:. 0 * TAU2 


13 

14 

15 

200 


DO 10 J=l,100 

I2(J)=I2MAX SI.S'((2. 0*PI*J)/(72*100)) 
I1(J)=I1MAX * SIN((2. 0*PI’'J)/(T1”100)) 
TAU(J)= J/100.0 
IF(TAU( J). LT. TAU1)G0 TO 13 
IF(I1(J-1). EQ. 0)G0 TO 14 
IF(il(J).GT. 0)G0 TO 15 
IK J)=0. 0 

ISOMCJ)= I1(J) + I2(J) 

VRITEC6,200)TAU(J).:i(J).I2(J),lSUM(J) 
FORXATC ' ,F6. 3,3>;,F10. 7,3X,F10. 7,3X,F10. 7) 


10 


CONTINUE 

RETURN 

END 


AMP03930 

AX?0;'540 

A:!?0393G 

AXP03960 

AMP03970 

AXP03960 

AMP03990 

ANP04000 

ANP04010 

ANP0-C20 

AMP04030 

AXPC4C40 

A.'';?04050 

AXP04060 

ANr04C'70 

ANPO-080 

AMP04090 

A.XP04100 


A.\‘P04110 

VfVr***VrVfVrVTVf7V*.VVfVr**-jWf**VrTVV?VrVfVTVTVrv'rrVr3VVr*VT*iV**VfVr*yr*VfTr*VfVfVT**Tr¥rVrVriT^yr?V*rVi’fVrTi’VTV?Vr3VVrVrVf^k»pQ4 j, Q 
VrV?^V^'?VT3VVfVr>V7>Vr3TVf^T^VVrTrVrVrVTVrVfifVTVf >VVfVfV?Vf*.fVrVrVTV<VrVrfrtVVrVftVVf^VrVf>V«VrVrT^VrVri'fVrVtyr'>’r*>VT>’r:yVrVT*/r*irVrif1 *^0 

Ai;?o-i4o 


SUBROUTINE SSS(TALT ,TAU2,1 KO^X, I2MAX,TAU3,13XAX) 

THIS SUBROUTINE PLOTS THE KALE PERIODS OF THREE SINUSOIDS AND 
THEIR SUM. 


A.MP04150 
A1!P04160 
AMP04170 
A.MP04I50 
AMP04i90 



VARIABLE 

LISTING ***** 

AMP04200 

AMPOADIO 


I1(J) = 

VALUE OF CURRENT AS A FUNCTION OF TIME. 

AMP04;:0 


12 :01= 

VALUE OF CURRENT AS A FUNCTION OF TIME. 

AM?Cr4:30 

Vr 

13: j'= 

VALUE CF CURRENT AS A FUNCTION OF TIME. 

AMP0..240 


ISU1LJ) = 

SUM CF IK J) ,10'.AND I3fU), AS A FUNCTION OF TT 

lEAMPCADSO 


11MA.X= 

MAXIMUM CURRENT AMPLITUDE CF SINUSOID. 

a;'FI - 2t 0 


I2M.AX= 

MAXI.MUM CURRENT AMPLITUDE OF SINUSOID. 

i2 7 ■' 


I3M.AX= 

•MAXIMUM CUR.RENT AMPLITUDE CF SI.NUSCTD. 



J = 

NUMBER OF POINTS PLOTTED. 

AM?042=0 

•• 

7AV'J)= 

ABSCISSA VALVE OF SWITCH CN-TIM.E. 

.AMP0-3C 0 


TU i'‘ = 

HALF .=ERICD CF SI.NUSCTD. 

AMFC-Di: 

■!* 

* V ^ = 

r.UB.ATIDN OF SWITCH CN-TIME. 

J** j w 'j 


~ A — 

HALF PERICD OP SINUSOID. 

AMF:n.330 


T ’ = 

FULL PERIOD OF SI.NUSOID TAUl. 

amp:- owe 



FULL PERIOD OF SINU.SOTD TAU2. 

AMP 04250 


^ * 

FULL PERIOD CF SINUSOID TAU3. 

AMPO-360 

AMrC4370 

AI:F0'-36C 


«. 1. - o ^ rc o 


AMPC-39 0 


F.ZnL TA’Jl .TA’v'2, 

IIMAX,I2MAX,TAU3,I3MAX 

AMPO—OC 



K ::>c),i:: i&o; .idiiot. .isum: loc) .CAunoc.; ,f: 

AMPO—10 


OPEN (UNIT=7, F 

ILE='SSS.AMP' , STATUS*' NEW' ) 

AMPO—20 




rt..: - J w 


?;= 3. 141592654 


AMFO- —0 


t:=:. 0 ” TAu: 


AMF0--5; 


t;=:. 0 1- TAu; 


AMPO.*.*6 0 


T3 = ;. C ” TAU3 


AMP04--C 


A.MPO-.*5C' 


lie 









O iC M 


EO 10 J=l,100 

I3(J) = I3MAX " SIS((2. 0*PI*J)/(T3*100)) 
i:(J)=I3MAX ’> S:NC(2. 0-->PI*J)/(T2*100)) 

iir sin(( 2 .o"Pi*J)/(T 1 ’'-ico)) 

TA'J( J')=J/100. 00 
I7(TAL-(J). IT.TAUDGO TO 13 
:i(j)=c. 0 

13 :P(TA1;(J). LT. TAL'3)G0 TO 15 

I3f J',=0. 0 

13 ISl.->;(J)= IlCJ) + I2(J) + I3(J) 

VRITK 7,20:)TA'J(.J) ,I1( J) ,12( J) ,I3( J) ,ISUM( J) 

200 FOHMATC ' ' ,F6. 3,3X,P10. 7,3X,F10. T,3X,F10. 7,3X,F10. 1) 

CNTINlE 




AMP0A490 

AMP0A5O0 

AMP0A510 

AMPOA52C 

AMP01330 

AMP0-5A0 

AMP0155C1 

AMPOiSoO 

AXP0A570 

AMPOA5SO 

AMP0A550 

AXFOAcCO 

AXPOAclO 

AXPCA620 

AMFG-630 

AXF0-6AC- 

***vr>'.-A.'!?0i65C 










C T 



SV3 :vClTI NT T£ S r TAV1. TACT . 11MA>:. I :MA-\ , TAU3,13MA>; 1 
IS SL-THOITINT FIRSTS ~T KAIF FFRIOL'S Or TiVO SINXTjIDS, A KA.MP 
FUNCTION, ANT TTZI.-, SUN. 

VATIAFTF LISTING 

Il(J’i= VATIT OF SINUSOIDAL CUFTTNT AS A FUNCTION OF TINI. 
lC(J'i= VATIT OF FJLNF CUTFTNT AS A FUNCTION OF TI.'IL. 

I3(ji= VATUT OF SI-NUSOIDAL CUF.FT.NT AS A FUNCTION OF TINT. 

isu.';;j)= su>: cf n(J),:c(j),ANT i3(j), as a fu-ncticn of tim 
i;.‘;.A.N= .'lAi-.T.Nuc: cutft.nt aitlitudl of sintsoic. 

ICN.‘0:= ICA-NINUN CUTFTNT ANFLITUTL OF RAN?. 

i3To;= >u:';i;xC'; cutftnt anflitude of si.vusoio. 

u= .st.t;se?. cf foints plotted. 

TAU.'J)= .A.FSCISS.A VALUE OF SWITCH O.N-TINT. 

TAl':= FLALF PEF.IOD CF SINUSOID. 

TAU:= DUTTTION OF SWITCH ON-TIIT. 

TAU;= HALF PEF.IOD CF SINUSOID. 

Tl= rULL PERICD CF SI.NUSOID T.AUI. 

T3= FULL PERIOD OF SI.VUSCID TAUT. 



ANF'OSISO 
.ANP03CS 3 
'■•A^:?35:7a 
-A.N'POSCSO 
ANPC5090 
ANP05100 
AU;?23110 
AN.'PCSICO 
A.NP0512 0 
ANP051W0 
A.NPC5150 
ANP05160 
A.NP05 170 
A.NPC51S0 
ANP051S0 
EAC-IPCSCOO 
A-NPCSCi: 
A_NP052C0 
A.NP05230 
AN?05:-0 
AN?05;50 
ANPCIIc: 
A.Nr:'5:7o 
A.NPC52SC 
aIn?C5;9Q 
AU;?05300 
A.NrCSSlC 
ANFDSS:: 
A.NP0533C 
ANPOI.'w: 
A.NFCS 35 C 
A>'.?C536C 
a:;pos37o 






















SUBF = 

0.0S52299 

SUBF = 

0.0852299 

SUBF = 

0.0S52356 

SLBF = 

0.0852289 

SUBF = 

0.0852013 

SUBF = 

0.0851917 

SUBF = 

0.0S51917 

SUBF = 

0.0851917 

SUBF = 

0.0851889 

SUBF = 

0.0851879 

SL'BF = 

0.0851889 

SUBF = 

0.0851879 

SL‘BF = 

0.0851879 

SUBF = 

0.0S51S79 

SUBF = 

0.0851879 

SUBF = 

0.0851879 

SUBF = 

0.0851879 

SUBF = 

0.0S51SS9 

SUBF = 

0.08518"9 

SUBF = 

0.085 IS9S 

SLBF = 

O.0S5lS“9 

SLBF = 

0.0851879 

SUBF = 

0.0851879 

TERMINAL ERROR (lER = 130) F 

IER = 

130 

X(l) = 

0.5227677 

x-:) = 

0.9210671 

X(3) = 

1.3S82S56 

Q = 

1.0006771 

p = 

1.0866613 

F = 

O.US51S79 OCompilc time (seconds 

(>. 13 



0.92 E.xecution time (.‘^econJ^): 
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APPENDIX B: 14 V, 14 W, BUCK/ZCS 
QUASI-RESONANT BUCK DC-DC 
CONVERTER 

PARTS LIST 


Switching Transistor 

BUZ 60 8627 N-channel Enhancement Mode Transistor, 400 V, 1 fi, 5.5 Amps 
Inductors 

Lr - 21.4 /iH, Core 55208-A2 (// = 26), 22 turns of 22 AWG 
Lq - 15.35 mH, Core FD78HL2373.50, | Amp 
1-51.3 pH, Core 55'"J8-A2 (p = 26), 53 turns of 24 AWG 
Capacitors 

Cr = C\ -j- C2 Cz d* C4 = 48.8 X 
Cl - 20.1 nF, 100 V, Z5U 
C ’2 - 14.07 nF, 100 V, Z5U 
Cz - AE, 9.8 nF, 1 kV 

G 4 - 438804 Gudeman XFS-1813-10, 4.83 nF, 600 VDC 
C = Cs + Ce-f C 7 - 1.21 mF 
C 5 - USI, 594 pF, .50 V 
Ce - USI, 514 pF, 50 V 

C7 - Sprauge, 96.7 pF, TE-1210, 75-25 DC, USA 7430 H 
Diodes 

Di - MUR 410 Ultrafast Rectifier, VR = 100 V, ^ Amps 

D 2 - MUR 410 Ultrafast Rectifier, VR = 100 V, = 4 Amps 
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Ds - MBR 735 Schottky Barrier Rectifier, VR = 35 V, 

£>4 - MBR 735 Schottky Barrier Rectifier, VR = 35 V, 
Resistors 

Rload - Jagabi Lubri-tact Rheostat, 53 fl, 3 Amps 

Rg - 10.19 n 

Support Equipment 

Power Designs Inc. Regulated DC Power Supply, 0-36 V, 0 ~ 


7.5 Amps 
7.5 Amps 


5 Amps 
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APPENDIX C: SWITCHING ELEMENT 

DATA 


POWERMOS TRANSISTORS QUICK SELECTION CHART [From 

Ref. 38] 

POWERMOS TRANSISTORS 


This broad range of N-Channel 
enhancement mode MOSFET's facili- 
fates simpler, faster poorer control /n 
a wtde variety of application. They 
can be driven from microcomputers 
and TTL, and have a switching speed 
that is several times faster than con¬ 
ventional bipolar devices. 

Types are available with drain- 
source voltage ratings up to lOOOV. 
All are manufactured to have a con¬ 
trolled threshold voltage, and ail 
exhibit low on-resistance and high 
transconductance. 






i 



TO-220A8 


I 


I I 
SOT .93 


QUICK SELECTION CHART 

VOLTAGE 

SOV lOOV 200V 400V iOOV MOV lOOV 1000V 
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.. . 
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1 




♦ 





' 1 
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i 1 
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V« -- , . , , 



TO*220Aa 

TO-3 

SOT.93 

TO-22CA9 

TO-220Aa 

TO-D 

SOT-93 

TO-2MAB 

SOT.93 

SOT.93 

TO-22CAB 

TO-i?OAB 

TO aOAB 

TO-220Afl 

SOT.iM 

TO-ZTVB 

TO-220A8 

TO-220AB 

T0-2WB 

TO-?rOAB 

TO-220*0 
TOO 

TOJJOAB 

TO-BC*B 

TO220A9 

SOT.'M 

TO-rOB 

TO-2r>S 

T02?Q*8 

TorcAB 

SOT.5M. 

SOT.tM 

TOzrCAB 

TOD 

TO2r0*B 

SOT.IW 

SOT.93 

TOO 

TO-3 

TO?70AB 

SOT.tM 

SO»-93 

TOZTOAB 

SOT-S3 

TOO 

TO-ZTCAS 

TO rXAB 

SOT-93 

T023CAB 

TOrD^lAB 

SOT.93 

TO?2C*9 

TO rrcAB 

TO-27^*0 

T027C*P 

TOrXAB 

SCT.s? 

TO rroAB 
SOT.S3 
TO-220*9 
T022CA8 

TO-r?o*a 
SOT 93 
SOT 93 
TO rrcAB 
To.2?c*a 


• NEW FOR '88f 
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40 ! 

25 


40 I 

7« 

1 e 

1 0 




500 euZ45A TO-3 
8UZ45 
eU2459 


500 BUZ331 SOT-93 
BUZ330 


800 BUZ307 
BUZ309 
eU2355 
eUZ355 


tCOO BUZ3n I SOT 93 

I B'JZJiO 1 



















































































































BUZ60 N-CHANNEL ENHANCEMENT MODE TRANSISTOR 
DATA SHEET [From Ref. 48] 


S BUZ60 _ 

N-Channel Enhancement Mode Transistor 

MOSPOWER 



3 SOURCE 1 2 3 


PRODUCT SUMMARY 


PART 

NUMBER 

''(BR)DSS 

(VOLTS) 

''DS(on) 

(OHMS) 

* D 1 

(AMPS) 

BU260 

400 

1.0 

1 

5.5 1 


ABSOLUTE MAXIMUM RATINGS ("c* 25*c unless otherwise notetf) 


j PARAMETERS/TEST CONDITIONS 

Symbol ! 

BUZ50 

Units 

j 3ra;n-Sourc8 Vo'.tage 


Vos 1 

<3= 




'•OS j 

i 40 


Continuous Cram Current 


, 1 

5.5 


Tj = ICO'C 

'0 i 

! 

s * 


1 P-'isec C^am Current' 


•DV i 

.-3 


Ava'ancne Current (see figure 5 J 


'A ! 

5 5 


Prwer Dissipation 

mmm 

p. 1 

75 

w 

= lOC’C 

“ 1 

30 1 

j Operating Junction & Srcrage Temper 
L___ 

ature Range 

L'- 'stg i 

-56 to tSO ! 


1 Lead Temperature n/16* *rom case for 10 secsj | 

\ 1 

300 ; 


THERMAL RESISTANCE RATINGS 

THERMAL RESISTANCE j 

SymOol i 


Units 

Jur.ct;on-io-Case 

1 


- ' t £ 7 


Vjnct'On-tO-AmOier; 

1 

^thJA ! 

- ! 1 * s 1 

K 'Vv 

Case-tO-Smk 

1 

warn 

, 1 



'Puise width Itrr.ited rriajumurn jyncticn temDerature ire'er to trans-err !re*-r*ai ir-sesan;» ca:a. f i) 































BU260 


Siliconix 

incorporated 


ELECTRICAL CHARACTERISTICS (Tj- 2 S*C unl«s* olharwls. noted) 


PARAMETERS/TEST CONDITIONS 

Symbol 

Min. 

Typ. 

Max. 

Units 

Drain-Source BreaKdown Voltage 

V(BR)DSS 

400 

- 

- 

H 

Gate Threshold Voltage 

Vqs* '^GS • *0 * 1000 4 A 


''GS(tn) 

2.1 

- 

4.0 

■ 

Gate-Body Leakage 

Vds'O- Vqs 'i20 V 

'GSS 

- 

10 

100 

nA 

Zero Gate Voltage Drain Current 
'^DS ’ '^(BR)DSS • '^GS = ° 

'dss 

- 

- 

250 


Zero Gate Voltage Drain Current 

Vqs = ■'^(BRIDSS • '^GS = Tj '<25*C 

'dss 

- 

- 

1000 

pA 

On-State Drain Current^ 

Vos * 10 V. Vqs = 10 V 

'D(on) 

5.5 

- 

- 

A 

Drain-Source On-State Resistance^ 

Vqs = 10 V. Id= 2.5 A 

'’oSlonj 

- 

O.fi 

1.0 


Drain-Source On-State Resistance^ 

Vgs = 10 V. Id = 2.5 A.Tj = 125-C 

''DS(on) 

- 

1.5 

1.9 

Forward Transconductance^ 

Vos = 15 V. to a 2.5 A 

Ofs 

1.7 

2.2 

' 

S(UI 

Input Capacitance 

Vqs = 0 

^iss 

- 

750 

2000 


Output Capacitance 

Vqs ' 25 V 

Coss 

- 

150 

ISO 

pF 

Reverse Transfer Capacitance 

< s t MHt 

Crss 

- 

50 

60 


Total Gate Charge 

Vqs = 0.5 X VjBRioss- 

Vqs-IOV. -Q= S.SA 

(Gate charge Is essentially 

°5 

- 

23 

30 


Gate-Source Charge 

Ogs 

- 

7 

- 

nC 

Gate-Dram Charge 

inaeoendent of ooerating 
temperature) 

Cgd 

- 

12 

- 


Turn-On Delay Time 

Vqq = 30 V . Rl= lofl. 

'd(on) 

- 

22 

45 


R.se TIrr'e 

Iq: 2.7 A . Vqen= 10 V 

Rq = 25 A 

(Sw'tching time Is essentially 

tr • 

- 

45 

60 

ns 

Turn-Off Delay Time 

*d(ofri 

- 

80 

■ 1 

140 

Fail Time 

ihdeoendent of operating 
temoerature) 


- 

55 

65 


SOURCE-DRAIN DIODE RATINGS & CHARACTERISTICS (Tj. 25'C unless c 

therwise noted) 

PARAMETERS/TEST CONDITIONS 

Symbol 

Min. 

Typ. 

Max. 

Units 

Continuous Current 

's 

- 

- 

5.5 


Pulsed Current' 

'SM 

- 

- 

22 


Forward Voltage^ 

Ip = 2 X Is . Vqs = 0 

VSD 

- 

1.2 

1.6 

V 

Reverse Recovery Time 
fp * <$• Oip/ct * ICO A/ 4 ,s 

Vr 

- 

250 

- 

ns 

Reverse Recovered Charge 

Ip s 1$. dip/dt - 100 A/uS 

Orr 

- 

1.5 

- 



’ Pj1s« width (imiteo by maximum junction temperature (refer to transient thermal imoecance data, figure U) 
^Pulse test: Pulse width ^ 300 4 sec, Duty Cycle 5 2% 
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NORM*ii?tD trrirnvc irjnsient . - on-resistance(a) 

THERMAL IMPEDANCE CURRENT (A) (nORMAUZEO) 


BUZ60 

PERFORMANCE CURVES (25*C unless otherwise note3) 


SUiconix 

incorporated 



-so -10 30 70 110 150 


Tj - JUNCTION TEMPERATURE (‘Cl 

FIGURE 9: Maximum Avalancf>e and Drain 



0 25 50 75 100 125 150 

Tc- CASE TEMPERATURE CC) 


FIGURE 6: Typical Source-Drain Diode 



VsD - SOURCE-TO-ORAIN VOLTAGE (V) 



Vos “ ORAIN-TO-SOURCE voltage (V) 

^Op»f«»iofT m thii srsa may bm iimH*d Oy ^oSfonj 


FIGURE IV. Normalized Etiective Transient Thermal Impedance. Junction-io-Case 




















APPENDIX D: GENERAL SWITCH-MODE 
POWER CONVERSION STORAGE 
COMPONENTS AND SWITCHES 


INDUCTOR CORE MAGNETIC AND WINDING INFORMATION 


DATA SHEET [From Ref. 49] 


WIMOOWAREA 22S.600 cit mi<( 

CROSS StCHOM OOJSOifi* 0 226 cfn- 

PAfHlENCrrt 2.0} w 5 09 cm 

WEIGHT 0.36 oi 10 gm 

1.023 lb I 

Wt?iOINC TUflV t.£WCTH 

WINDING FACTOR LENGTH.TURN 

t00^*ajNtrv) 0.1204 It 3.67 cm 

60% 0.1032 h 3.1Scm 

40'<* 0.0864 h 2.64 cm 

20% 0.0791 h 2.41cm 

0% 0.0763 ft 2.33 cm 


CORE OIMEMSIOVSAfTER FINISH WOUMO COIL OIMENSIONS 

UNITY winding Factor 

OOiMAx.) 0.S3Q in 21.1 mm 

lOiMiNi 0.475 in 12.07 mm OOimaxi 1.146 in 29.2 mm 

HTjmax.j 0.230in 7.11mm 0.684 m 17.4mm 





'PART ■’<&PEflM['erilJMTURNSMDCRESISTANCe; 

AMn T J 4 jir-' ^ VLA429a£'rMUs;U^^A&. 


MAGNETIC information^^ 


GRADING. ^Tr^B/NirHgy 
.*> C^'rAMP •TljR*Cpj?x 


552C9- 

14 

7.8 

1.03 

A2 

• 

3 

55208- 

26 

14 

0.573 

A2 

» 

5 42t<i4<30w- 

5534S> 

Ed 

32 

0.251 

All 

YES 

MS 

55205- 

125 

SB 

0.118 

AIL 

YES 

30 9 {<i&ood« 

55225- 

147 

81 

0 0990 

AU 

YES 

3o 3 i<iSoo dw 

55204- 

163 

87 

0 0322 

ALL 

YES 

33 5 «<v 

5520C- 

173 

S5 

0.063S 

ALL 

YES 

42.7 

55203- 

200 

1G9 

0 0736 

ALL 

YES 

49 4 t<«oo««.4 

55201- 

300 

163 

0.0492 

A2 <ndL6 

YES 

74 J |<){>0»«w 

55202- 

550 

320 

0.0250 

A2 

YES 
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M 26 60 and ITSu 
rv&*i art avaiiab'i 


•I h.qn tiua cord. 

Sa* D 6A. "How to O'otf''. 


WINDING INFORMATION 

FOB UNITVWINO'NC FaC^C®** 


.l^RESiZ^£«clTURN 




11 

25 

0.00374 

26 

664 

328 

12 

31 

0 00591 

27 

836 

5.1? 

13 

39 

0 00929 

28 

1.025 

8 06 

14 

48 

0 01463 

29 

1,253 

12 41 

15 

60 

0,0230 

30 

1.55? 

19 62 

16 

75 

0 0364 

31 

1.928 

30 4 

17 

93 

0 0567 

32 

2.350 

45 8 

18 

116 

0 0835 

33 

2.915 

72.3 

19 

145 

0.1402 

34 

3,711 

tie 6 

20 

181 

0 220 

3$ 

4.605 

183 S 

21 

226 

0.348 

35 

5683 

224 

- 22 

279 

0 54J 

37 

6 342 

42S 

23 

347 

0 848 

38 

8.573 

677 

• 24 

430 

1.330 

39 

11,170 

1,139 

25 

531 

2 07 

1 40 

14.102 

1.823 


NOTES 
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FLlAifc Sc'f rtisO'NC CwNS'Oe *A f.CV 5 
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SWITCHMODE POWER RECTIFIERS DATA SHEET [From Ref. 50] 

1. Schottky Barrier [From Ref. 50] 


MOTOROLA 

SEMICONDUCTOR 

TECHNICAL DATA 


MBR320P MBR330P 
MBR340P 
See Page 3-50 


SW1TCHMOOE POWER RECTIFIERS 
utiftq m# Sc^ofi*V flarf.er 04tnc-o't a 

These suit of ihe en oe*«ces r»*»e lofiow.ng ic*iu>et 
P CuA'Oxng (O' Stress ^'OleCI'On 

• co*> Fo'ma'd Voftage 

• ' 50' C Ooe'aiiAf JuAci>on teTtoe'eio'e 
P Gua'S^iceo Ae*e>s< AwauAcne 

• Eooiv Meet Uw94 vO at 1 8* 


MBR735 

MBR745 


SCHOTTKY BARRIER 
RECTIFIERS 


7 S AMPCRfS 
3S and 45 VOlTS 


MaiiMuiM aafivcs 
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f(UVV fORWAdO AOWIR OISSIfAIinN (WAflSl '(lAVV AVfRACI fORWARO CURRENT (AMPSI ,p |NSTANIAN(OUS FORWARD CURRIIIT (AMPS) 


riOU«E 1 - TYPICAL ronWAflO VOLTAGE 


flOUflE 2 - typical nSVEflSE CUnnEWT 


30 

70 

10 
1 0 
S 0 

3 0 
7 0 

1 0 
0 7 

0 s 



01 04 06 06 ^0 >7 

If. 1NSTA*<TAN!0US lOSWAflp VOlMCt IVOlTSl 



FIGURE 3 - CURRENT DERATING. CASE FIGURE 4 - CURRENT DERATING. AMBIENT 





FIGURE 5 - POWER DISSIPATION 
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2. UltraFast [From Ref. 50] 


I 


!ULA 

iCONDUCTOR 


ICAL DATA 


>+ 


SWrrCHMODE POWER RECTIFIERS 

... fof uM in twitefMng tuepi<e«. inv* *ner> And 

«« frM «ita««(«v 9 d^odct. 0»vic«t tv»«t 

foDoM^nfl I««cu't9: 

• UHrafift 2$. SO «nd 75 Ntnotccond Rccovtfy TimM 

• 175X Optfitmg Junction Tempofttur* 

• Low Foowird Vol(ig« 

• Low Lt«k«g« Currtni 

• High Tomporitu^o Gi«$t PA<siv«(td Junction 

• R«v«r«« Vo<t«g« to 1000 Vo>t9 


MUR405 

MUR450 

MUR410' 

MUR460 

MUR415 

MUR470 

MUR420 

MUR480 

MUR430 

MUR490 

MUR440 

MUR4100 


ULTRAFAST 

RECTIRERS 

4 e AMPERES 
SO-tOOO VOLTS 



MAXIMUM RATINGS 
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^flAVV average power dissipation rWATTSl 'F- instantaneous forward current IAMPS) 


MUR405, 410 AND 415 


nOURE 1 — TYPICAL FORWARD VOLTAGE 


FIGURE 2 ~ TYPICAL REVERSE CURREffT* 




0 » 40 U 80 100 120 ) 40 160 IBO 200 


Vfl. REVERSE VOlTAGE mrS) 


FIGURE 3 • CURRENT DERATING 



C W 100 ISO 200 2Sd 


T*. AMBIENT TEMPERATURE 


FIGURE 4 — POWER DISSIPATION FIGURE 5 — TYPICAL CAPACITANCE 
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MUR405 Series 


note 1 ^ AMBIENT MOUNTING DATA 


Data shown for tharmal raaistanea junction-to* 
ambiant tRajA^ for tha mountings shown Is to ba usad 
as typical guidatina values for praliminary anginaaring 
or in casa tha tie point tamparatura cannot ba maasurad. 


TYRtCAL VALUES FOR RgjA AfR 


MOUNTING 

METHOD 

1 LEAD LENGTH. L (IN) i 

UNITS 

wm 

mm 

■El 

El 


RjUA 

Bl 

EB 

El 

mm 

•cw 

2 

El 

El 

El 

El 

mm\ 

3 

i S ! 



MOUNTING METHOD 1 
P.C. Board Vrfhare AvaitaWa Copper 
Surface area is small. 



MOUNTING METHOD 2 
Vector Push-In Terminals T-20 



MOUNTING METHOD 3 
PC. Board with 
y-MT * 1-1/2' Copper Surlace 



MECHANICAL CHARACTERISTKS 

Casa: Transfer Molded Plastic 
Finish; External Leads are Plated. Leads are 
readily Soldarabie 
Polarity: Indicated by Cathode Band 
Weight: VI Grams (Approximately) 
Maximum Lead Tamperstura for Soldering 
Purposea; 

300*C, 1/3* from case for 10 s 


OUTUNE DIMENSIONS 


rB 

0J 


nr" 



i_D. 


STYLE I 
Pi^ I UTHOOC 
2 ANOM 


NOns 

I. Dimensioning & tolerancing pe® 

ANS'yi4 5 19S< 

2 COhTROlLiNG DIMENSION INCH 











■Itifel 







1 

i 




■TmI 



CASE 2S7-02 
PLASTIC 
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APPENDIX E; GATE DRIVE CIRCUIT FOR 
BUCK/ZCS, QUASI-RESONANT DC-DC 

CONVERTER 

PARTS LIST 


Transformer 

Magnetic Circuit Elements Inc., 0-1618T2, Turns Ratio ±2%, DCR ±20% 

Primary (5-1): 20 Turns ^32 AWG 
Secondary (2-6): 20 Turns #32 AWG 
Transistors 

Qi - High-Speed Switching Transistor. Silicon PNP, CGGJTX 2N3636 KS314 (/j 
= 200 MHz) 

Q 2 - High-Speed Switching Transistor, Silicon NPN, TI 2N3252 210 (/j = 200 MHz) 
Capacitors 

Ca - Sprauge 225P. 1.0 ± 10 % - 75 DC 
Cb - 0.001 K. X.jE. 1 k\' 

Cc - ±80-20%. 50 V. ZSV 

Resistors 

/{g - 10 D ± 5% 

Support Equipment 

DC Power Supply - HP 621 S.A. 0 ~ 50 V (60 V,\/ 4 v)- 250 m.-X 
Textronik 2213 60 MHz Oscilloscope 

20 MHz Pulse Function Generator Model 1-15 Hewlett Packard 








appendix F: CLASS B OUTPUT STAGE 

DATA SHEETS 

Transformer fc Inductor SpcciBciations [From Ref. 49j 


GENERAL 


BErERENCE SPECinCATIONS AND DRAWINGS DATE , ,, ParlNo. 

CY13ER0ATA_J_ __0;;10It3T£. 


electrical 


SCHEMATIC DIAGRAM-VOLTAGES. CURRENTS. fTlEOUENCr. TOLERANCES. IMPEDANCES {SOURCE, 
INPUT. LOADl. WINDINGS. TAPS. POLARITIES. SHIELDING. ETC._ 



ENVIRONMENT 


TZMFCAATUnr AANGC 

TEMPERATURE STABILITT 

ALTITUDE 

HUMIDITY 



MAGNETIC CinCUIT ELEMENTS INC. 
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2N3252 NPN Silicon Transistors [From Ref. 51] 


TYPES 7*l2:a2, 2N3253 
N-P-N SILICON TRANSISTORS 



ebiolul* maximum rotingt «t lr«»>oir ««mp«r«tur* (unl«it efh«rwis« nated) 

aN32S2 aNaas) 


CoU«cior Bo*« Voliog*. 60 »* 75 »* 

CoHecfer-Emrno Voitog* (Sc« No*« 1). ... 30 •' iOv' 

Vo!?cg«. 5** 5 ** 

Co'i«ro' Corfenf. .. ... ] o'-^ 

Con'inuoui Oev<e« Oiitipoiicn or (or b«iow) 25*C Temperotwre {See Not* 2) •* - I w* ■ 

Continuout Dc«>c« Diiiiporiort oi (or b«;ow» 25*C Cow Tempefoiwfe (Se« No'e 3) . ^ 

Sro'og* Te-ppefotuf# ftor>ge.-^5*C lo •20C*C‘ 

Leod Temoerofur* !«<« from Cove (or 60 SecO'^dv... 300*C* • 


'tl«<tpi<ol ehoeaetoristio at 25*C Irao^ir tamparoturo (unUst athorwita noted) 



















































TYPES 2N3252. 2N3253 
N-P-N SILICON TRANSISTORS 


*twi*«hmg choractariitict of 25*C froo*oir tomgorotwro 


PAiAMrrct 

1 

TEST CONOlTlONSt 

)N3953 1 

3M33S3 1 

UNIT 

MAX 

MAX ' 

U OiUt run* 

‘ ic * SOO «A. 

Uil * so AS, Vh,«hi — —1 *. 

IS 

IS 1 

ftW( 

1. Iiw Itfnt 

1, = 5»n. 

Sh 1 

30 

3S 1 

PU< 

1. SiAfOft nmt 

1 l<^ = SMm. 

•ah ® “^AJI ® JO A«. 

40 

40 ' 

mec 

t, fall Itni 

t K = s»n. 

Sh rtfvft 2 

U 

30 : 

ew< 1 

laBBisxzsaH 

1 k = SOHn., 

li ^ SO me See r>swr» 3 

SI 5 [ IKS ; 

bbbb 

Ml. atan a^aM wttf «t|kHr 






* PARAMETER MEASUREMENT INFORMATION 



..J 


VOLTACI AAV(»OtMS 


fiOuce t - OCU* ANO tlS( Times 




• n\ 

vO-.fACi AA^ifOAVi 


3 . STOIAGI AN» UU Tiwis 


9 

SCO.' 1='" 

I 


—I 1-e ^ J „ 


Cl,*';.: 


ICN 


vClTaG! «*y{*CS' 

?(S* C!*XJ" 

NC* ( G' < 3 nc* '*>« CoIIt • tT '■<• M’ld 

floyif J - Tordl COW^fOl CM**of 


■S'U « rkt mtm wti Hn m W<«*>*4 ttMrHr)i»<o 

t¥ MMMf 4t>fC «M trm 'MVI •, < 1 tMi. fW ^ f« •<« •«»< (»■• < TV 
t0 ^wnai Itv^ M KM. I, < 1 MM r* s t| M Mt aw CmI* < TV 

*0 BiiwMi «, I, < >• ••« rv s (« aiM. (*i>* e TV 

t Vmimmi *« oMiMM* m m *<• tn f«>aMf «iara« i »ww«t t. < \ mm. ^ ^ ^ 

■laArpn i(8i: MfO'MM a^t 
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2N3636 PNP Silicon Transistors [From Ref. 51] 


TYPES 2N3634 THRU 2N3637 
P-N-P SILICON TRANSISTORS 

BULLETIN NO. DU S 7311934. JUNE 1973 


HIGH-VOLTAGE TRANSISTORS 

FOR GENERAL PURPOSE AMPLIFIER AND SWITCHING APPLICATIONS 

• High V(br)CEO ... 140 V (2N3634, 2N3635) or 175 V (2N3636, 2N3637) 

• High Dissipation Capability ... 10 W at 25°C Case Temperature 


mechanical data 



tbsolute maximum ratings at 25'C free-air temperature (unless otherwise noted) 


Collector-Base Vo je . 

Collector Emitter Voltage (See Note 1). 

Eminer Base Voltage. 

Cortiojous Collector Current . 

Coritiri jOus Device Dissioauon at (or below) 25‘’C Free-Air Temperature (See Note 21 

Continuous Device Dissipation at (or below) 25°C Case Terr.perature (See Note 31 

Storage Temperature Range . 

Lead Temperature 1/16 Inch from Case for 10 Seconds . 


2N3634 

2N3636 

2N3635 

2N3637 

- 140 V 

-175 V 

-140 V 

-175 V* 

-5 V 

-5 V 


-1 A‘ 



-65'C to 200'C' 



KOTCS t TntM viiust ap'jiy b«tw«tn 0 and 10 mA coHactor Currant vyban tha a'nttar-baia dfOda it opanorcu'ieu 
3 Otrata linearly to 200'C frca a*r tarnparacura at tfa rata ot 5 71 mw C 

3 Oarata tha lO-watt rating imearly to 300"C cata tamparatura at tha rata of 57.1 mW. C. Oarata tha 5-«vatt (JEDEC resiiterad) 
rating linearly to 200' C ea*a temper a tura at tha rata o1 286 rr>\\ ’C 
^ThajEOEC register ad outline for thasa devices is TO 5 TO-39 faili withtn TO S with tt>a aecapiior of lead larigth 
‘JLOEC rag stared data This data sheet contains au appitcabia ragistarad data >0 atfact at the tirne of puLiicati&n 
'Trtie »af.4«i are Qwaranteeo by Taaas instrumants <n addition to the .'^OEC rcgista''to vaiuas which a'a aiso shown 


1.39 













TYPES 2N3634 THRU 2N3637 
P N-P SILICON TRANSISTORS 


•electrical characteristics at 25°C free-air temperature 


PARAMETER 

TEST conditions 

2N3634 

2N3635 

2N363e 

2N3637 

UNIT 

MIN MAX 

MIN MAX 

MIN MAX 

MIN MAX 

CoMector*Base 

'^(BRICBO Breakdown 

Voltage 

1^ ■ —100 mA. Ig • 0 

-140 

-140 

-176 

-175 

fl 

Coliector'Emifter 

V(BR)CE0 Breakdown 

Voltage 

IC * —10 mA, Ig ■ 0. 

See Note 4 

-140 

-140 

-175 

-175 

D 

Emitter<Base 

V(BRIEeO Breakdown 

Voltage 

Ig • — 10 it A. Ic * 0 

■ 

■ 

■ 

■ 

1 

Collector Cutoff 

'CBO 

Current 

VcB - -100 V. Ig " 0 

-100 

-100 

-100 



EmiHer Cutoff 

'EBO 

Current 

VgB = -3 V. Ic • 0 

-50 

-50 

-50 


Q 

Static Forward 

hp£ Current Transfer 

Ratio 

VcE “ -10 V. Ic* -0.1 rnA 

40 

80 

40 

80 

! 

V^g » —10 V. Ic * —1 mA 

45 

90 

45 

90 

VcE * -10V. lc--10mA 

See 

Note 

4 

50 

100 

50 

100 

VcE'-lOV. l(;--50mA 

50 150 

100 300 

50 150 


Vc6*~10V. Ic*—ISO mA 

25 

50 

25 

50 

Base-6m;*ter 
''BE voUag. 

• C • —10 mA. Pg » — 1 mA 


-0 8 

-08 

-0 8 

-0 8 

V 

_ 

IC*-50mA. lg«-5mA 





Collector-Emitter 
CE(satl SsiufsMon Voltage 

IC»—10mA. Ig • -1 mA 

See 

Note 

4 

-0.3 

-0.3 

-0.3 


■ 

'C * —SO mA, Ig • —5 mA 

-0.5 

-0 5 

-0 5 


SmailS’fnal 

h,p Common-Emitter 

Input Impedance 

*>_10V. Iq = —10 mA, 

* • 1 kH? 

■ 



0,2 1.2 

k:: 

Smai'-Signai 

Common-Emitter 

^fe 

Forward Current 

Transler Rat*o 


|H 


80 370 

1 

SmaiiS-g*^3i 

Commcn-E -nirter 

Reverse Voltage 

Transler Ratio 

3 * 

3 K 

10"*’ 

_ 1 

3 . 

10“* 

3 • 

lO-** 


Small-Signal 

Common Emitter 

^oe ^ 

Output 

Admittance 

200 


200 

200 

i 

i 

1 

Small-Signal 

Common-Emitter 

Forward Current 

Transfer Ratio 

VcE * -30 V. Ic * -30 mA. 

f » 100 MHz 

1,5 

2 

1 5 

2 

1 

! 

Common-Base 

Open-Circuit 

Ou.Du. 

Capac'lance 

Vce * -70 V, Ig ■ 0. 
f • 100 kHz 

10 

10 

10 

10 

pf 

i 

Common-Base 

C,(>o Open-Circu ' 

Input Capacitance 

VgB--1V. lc-0. 

f « lOOfcHz 

75 

75 

75 

75 

pf 1 

1 


NO"^? a Di’arr'*’*'* mull mcaiutcd u$>''g pui»» tec>»t'»Quai • 300 ut duly cyc't ^ ?’o ^ 
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TYPES 2N3634 THRU 2N3637 
P-N-P SILICON TRANSISTORS 


•operating characteristics at 25” C free-air temperature 


PARAMETER 1 

TEST CONDITIONS 

MIN MAX 

nuni 

1 

F Spot Noise Figure I 

1 

V^£ ■ —10 V, Ic “ —0.5 mA, 

Rq • 1 kfl, f « 1 kHz 

3 

dB 


•switching characteristics at 25”C free-air temperature 


PARAMETER 

TEST CONDITIONS^ 

MIN MAX 

UNIT 

Ion Turn On Time 

Vq^.-IOOV. lc*-50mA. 
lBn) = -5mA. = 4 V, 

See Figure 1 

400 

ns 

tQfi Turn-Otf Time 

Vcc “ “100 V, * “50 mA. 

*B(l)*"5mA. la(2l“5mA. 

See Figure 1 

600 

ns 


' VQifogc and current values sho<Mn are nomirtai. exact values vary siightiv vvith transistor parameters. 


•parameter measurement information 

-100 V 



TEST CIRCUIT 



4 1 V 

-59 V 




VOLTAGE waveforms 
FIGURE 1 


••-res 


A Tr>e mp^t waveforms are supplied Ov a generator wrtn the followng cnaracie'rsiics Zqui • 50 H, i, 's 20 r^s tj < 20 ns, 
f^v 20 us duty cyC'e C 

B Waveforms are mof ■ tored on a*' o$; i! loscooe wun the lot low mg character«tt<cs t, ^10ns.R,pj>l00xn C.nvSpF 


tOtC rcg'Ste'eu ujta 
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